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Scorpions are venomous animals that produce a myriad of important bioactive toxins 
that are used in ion channel studies, drug discovery, and even formulation of 
insecticides. Determining their structure-function relationships are of great interest for 
scientific, medical and industrial applications. This thesis presents a systematic 
bioinformatics approach to a large-scale study of structure-function relationships in 
scorpion toxin sequences. Systematic characterisation of their structural features and 
functional properties of even one individual toxin requires a significant experimental 
effort. Consequently, most research groups focus on determining functional properties 
of individual toxins or small groups of toxins. Bioinformatic analyses improve the 
efficacy of research by assisting in selection of critical experiments. Bioinformatic 
approaches involve access to toxin data across multiple databases, inspection for 
errors, analysis and classification of toxin sequences and their structures, and the 
design and use of predictive models for simulation of laboratory experiments. 
Several novel aspects are presented in this thesis. This is, to the author’s 
knowledge, the first large-scale classification of currently known scorpion toxins based 
on ion channel specificity and primary sequence similarity. This classification is 
important for identification of the general patterns in their structure-function 
relationships. The author proposed a classification that has defined several new groups 
of scorpion toxins. 
A new approach to extract functionally relevant motifs from scorpion toxins 
based on analyses of multiple sequence alignment of native scorpion toxin sequences, 
3D structures and mutated scorpion toxin data was developed in this work. This 
approach identified critical functional residues at key positions in the toxin sequences 
which lack conserved residues in the multiple sequence alignment. The first report of 
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eight functionally relevant binding motifs to sodium and potassium channels facilitates 
the determination of specificity of newly identified scorpion toxins to various channel 
subtypes. 
The most important contribution to scorpion venom research is a new 
bioinformatic tool for accurate identification of functional properties in newly 
identified scorpion toxins. It was developed from the large-scale analysis of scorpion 
toxin sequences. The prediction algorithm includes sequence comparison, nearest 
neighbour analysis and decision rules. High prediction accuracy of ion channel 
specificity, toxin subtype, toxicity action and cellular specificity was validated by 
experimental data.  
The first database of native and mutant scorpion toxin sequences, developed as 
part of this work, is a major resource for efficient searching of scorpion toxin-related 
information. The records were cleaned of errors and contain highly enriched structural 
and functional information extracted from the literature. The 548 new homology 
models contribute to three-dimensional analyses of scorpion toxins. Integration of 
search, extraction, prediction and three-dimensional visualisation tools allows 
researchers to analyse scorpion toxin sequences efficiently.  
The bioinformatics approach employed in this study is novel, generic and 
applicable for the studies of structure-function relationships of bioactive toxins from 
other venomous organisms. Because toxins are functionally diverse, but belong to a 
limited number of structural families, they are ideal for application of data mining 
techniques for discovery of previously unknown relationships among data. 
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‘Man's mind stretched to a new idea never 
goes back to its original dimensions.’ 
 










Scorpions are among the first land animals. They appeared some 450 million years ago 
(Briggs, 1987). There are more than 1,500 distinct species world-wide, living in every 
continent except Antarctica (Lourenco, 1994). All scorpion species produce venom 
which they use for hunting prey and defense against predators. Venom is a complex 
mixture of toxins – proteins, amines, lipids and other components (Martin-Eauclaire 
and Couraud, 1995). Venom-derived protein toxins are highly bioactive molecules 
belonging to a relatively small number of structural families. They display a variety of 
functional properties which include interaction with cellular receptors, ion channels, 
and assisting in prey digestion (Maslennikov et al., 1999; Kini, 2002; Zhu et al., 2003; 
Zhu et al., 2004a). The likely ancestral function of venoms was enzymatic activity 
involved in prey digestion, however, in some venomous animals including scorpions, 
their venom glands have evolved to produce potent toxins (Valentin and Lambeau, 
2000) (Table 1). 
 
Table 1 Examples of venomous animals living on land and at sea. Unlike poisonous 
animals (e.g. toads, puffer fish) which have toxins but have no method of delivery, 
venomous animals have specialised organs to deliver their venoms.  
Terrestrial Organs Marine Organs 
Ant Stinger/bite Blue ring octopus Bite 
Assassin bug Proboscis Cone snail Proboscis 
Bee Stinger Coral Tentacle 
Black widow spider Fang Crown-of-thorns starfish Spine 
Centipede Fang Cuttlefish Bite 
Duck-billed platypus (male) Spike Jellyfish Tentacle/Stinger 
Gila monster Bite Sea anemone Tentacle/Stinger 
King cobra Fang Sea urchin Spine/pedicellaria 
Komodo dragon Bite Scorpion fish Spine/Stinger 
Rattlesnake Fang Stingray Spine/Stinger 
Scorpion Stinger Stonefish Spine/Stinger 
Wasp Stinger Yellow-lipped sea krait Fang 
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Mortality and morbidity from animal envenomation remains a serious health 
issue (Theakston et al., 2003), accounting for more than 150,000 deaths per year 
(White, 2000). However, venoms also contain highly bioactive compounds for 
discovery of molecules with interesting pharmacological properties and potential 
therapeutics for an array of medical disorders (Alonso et al., 2003; Bradbury, 2003; 
Lewis and Garcia, 2003; Rajendra et al., 2004). An assortment of highly bioactive 
toxins characterised by high specificity and selectivity are used as research tools to 
characterise different ion channels subtypes and molecular isoforms of receptors 
(Grant et al., 2004; Li and Tomaselli, 2004; Rodriguez de la Vega and Possani, 2004; 
Lewis, 2004; Tsetlin and Hucho, 2004). Analyses of the interfaces between toxins and 
their channels/receptors facilitate design of synthetic equivalents of toxins without 
toxic properties which can be developed as potential therapeutics. 
Rapidly emerging knowledge from studies of the molecular mechanism of the 
ion channels is used in the development of novel therapeutics for ion channel-related 
diseases such as epilepsy, cardiac arrhythmia and persistent pain syndromes (Curran, 
1998; Catterall, 2002; Kohling, 2002; Wickenden, 2002a; Wickenden, 2002b; Wulff et 
al., 2003; Gottlieb et al., 2004). Therapeutics successfully developed from studies of 
animal venoms include Ancrod and Captopril that were developed from snake venom 
for treatment of hypertension and cardiac failure (von Segesser et al., 2001; Smith and 
Vane, 2003). Another example is Ziconotide, developed from marine cone snail 
venom, for treating severe chronic pain (Miljanich, 2004). Antivenoms are currently 
developed from animal antisera to treat envenomation (Harrison, 2004; Gazarian et al., 
2005). Animal venoms are promising alternatives to chemical pesticides in agricultural 
pest management. The increased pest resistance to chemical pesticides, coupled with 
heightened awareness of the potential environmental, human and animal health 
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impacts of these chemicals, have prompted the search for development of bio-pesticide 
from animal venoms (e.g. Sun et al., 2002; Gilles et al., 2003; Szolajska et al., 2004). 
Identification of new toxin sequences and determination of their functional sites and 
structural properties is therefore of great interest and value for scientific, medical and 
commercial applications. 
The number of different venom components in an individual scorpion consists 
of approximately 100 different toxins (Lourenco, 1994). Given 1500 scorpion species 
exist, the natural library of scorpion toxins is therefore estimated to contain some 
100,000 different toxins (Lourenco, 1994). However, toxin entries in public protein 
and DNA databases represent only a tiny fraction, less than 1% of the estimated natural 
venom library (as of November 2005). 
Sequence and three-dimensional (3D) structure data on these toxins are usually 
deposited in public repositories such as GenBank (Benson et al., 2005), Swiss-Prot 
(Bairoch et al., 2004) and Protein Data Bank (Deshpande et al., 2005). Functional and 
structural properties of toxins are reported mainly in published articles, while such 
annotations of entries in public sequence databases are very limited (Brusic et al., 
2000). Advances in sequencing projects involving cDNAs and mass fingerprinting by 
mass spectrometry resulted in exponential accumulation of toxin data (e.g. Batista et 
al., 2004; Davies et al., 2004; He et al., 2004). For instance, a set of 170 conotoxin 
sequences were deposited into GenBank in 2001 (Conticello et al., 2001) which almost 
doubled the number of public conotoxin entries at that time. However, none of these 
sequences had any structural or functional annotations, only sequences were reported. 
Experimental characterisation 1  of structure-function relationships for the many 
                                                 
1 Throughout this thesis, term ‘characterised’ describes procedures of laboratory-bench work or wet-lab 
experimentation. 
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individual toxin sequences is laborious, expensive and time-consuming. Increasingly, 
researchers are exploiting bioinformatics to expedite characterisation of the growing 
number of newly identified toxin sequences through information gathered from toxin 
data scattered in public repositories and the literature.  
Bioinformatics is an interdisciplinary field incorporating computer science, 
mathematics and biology, for management and analysis of biological data. The main 
branches of bioinformatics are: 1) biological databases, 2) analysis and interpretation 
of biological data, and 3) development of analysis tools and algorithms. The biological 
databases, tools and algorithms are important methodologies in scientific research 
especially in genomics and proteomics, which generate huge amounts of data. These 
data are stored in biological databases which continue to grow in size and complexity 
where more than 700 biological databases are publicly available (Galperin, 2005). 
Insights gained from analyses and interpretations of the data are used for the 
development of new analysis tools and algorithms for analyses of data, and planning 
and minimisation of the number of further experiments. 
This thesis describes original findings from application of bioinformatic-based 
approach to the large-scale study of structure-function relationships of scorpion toxins. 
In this thesis, the word ‘structure’ encompasses primary, secondary and tertiary 
structures of proteins unless stated otherwise. The current number of scorpion toxins 
that are structurally and functionally characterised is small and measures only in the 
hundreds, in contrast to the natural library of toxins that is estimated to be 100 times 
larger. However, with the expected rapid growth of toxin data through large-scale 
sequencing, experimental approach will need to be complemented with bioinformatic 
analyses for facilitating characterisation of the large number of newly identified toxin 
sequences.  
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1.1 Research issues investigated in this thesis 
Large-scale analysis of scorpion toxins provides a global view of the general 
pattern of their structure-function relationships. This analysis in turns supports 
experimental studies by assisting in planning of critical experiments and, when 
properly used, it significantly improves the efficiency of experimental studies of 
structure-function relationships. However, such large-scale analyses are hindered by 
inadequate data management where scorpion toxin data are scattered across public 
databases. Records in the databases typically contain sequence information, while 
structure-function information is available in the literature. Thus, consolidating the 
scattered data into a centralised database and enriching the toxin data with structure-
function information is a prerequisite for a systematic large-scale analysis. Information 
gained from such analysis is useful for developing new analytical tools for study of 
novel toxin sequences and prediction of their structural and functional properties. 
The author of this work was earlier involved in building the SCORPION 
database (Srinivasan et al., 2002a) which contained 277 native scorpion toxin 
sequences. Mutation studies (such as site-mutagenesis) of scorpion toxins, which 
provide biologically relevant information on critical residues and their positions, are 
available in the literature and are normally not used for extraction of functional motifs 
in scorpion toxins.  
The original contribution of this work is the systematic application of 
bioinformatic-based approach to: 1) build the first comprehensive molecular database 
of scorpion toxins which includes native and synthetic variants, SCORPION2 for 
improved data management and detailed analysis, 2) classify 393 native scorpion toxin 
sequences into functional groups based on ion channel specificity and sequence 
similarity using BLAST, multiple sequence comparison and phylogenetic analysis, and 
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3) develop a prediction tool for predicting the functional properties of uncharacterised 
scorpion toxins. This database was built using molecular data warehousing principles. 
It contains subject-orientated (scorpion toxins), integrated (comprehensive 
information), non-volatile (validated), and expert-interpreted (annotated) collection of 
biological data (e.g. a family of proteins that have similar structures and functions) 
(Schonbach et al., 2000). To the author’s knowledge, data warehousing has not been 
applied neither to the large-scale management of scorpion toxin data nor the systematic 
study of their structure-function relationships. 
The systematic application of bioinformatics to the study of venoms – 
venominformatics – is a combination of bioinformatics and venom research which has 
the potential to revolutionise the way that researchers manage toxin data and 
information. For example, currently there is no tool available for accurate prediction of 
functional properties of toxins. This research area is important for prediction of 
function in newly identified toxins. In general, toxins display an array of diverse 
functions where detailed examination of their molecular functional sites allows 
alterations of their pharmacological specificity, selectivity and potency especially in 
the field of drug design and discovery. Therefore, the specific objectives of this thesis 
were to focus on scorpion toxins and include the following sub-projects: 
1) build a data warehouse of scorpion native and mutant toxin sequences with 
integrated query, extraction and prediction tools, 
2) enrich records with structure and function information extracted from the 
literature and public information repositories, 
3) predict tertiary structures of scorpion toxins by homology modeling for 
toxins without experimentally determined 3D structures, 
4) analyse the toxin dataset (primary, secondary and tertiary structures) for 
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identification of functional motifs and, 
5) develop a tool to predict specific functional properties of newly identified 
scorpion toxins. 
  
1.2 Contribution of this thesis 
The author’s original contributions to the field of venom research include: 
1) Organised a large and unique data set of 819 entries of scorpion toxin data 
from public databases and literature, inclusive of 426 scorpion mutant 
toxin sequences extracted solely from literature to develop the 
SCORPION2 database. This data warehouse of scorpion toxins is a major 
resource for researchers to identify scorpion toxins and analyse their 
sequence which otherwise would involve multiple querying of other 
databases. 
2) Extracted functional information of binding affinity and toxicity data from 
approximately 500 scientific articles and deposited them into 
SCORPION2. 
3) Classified currently known scorpion toxin sequences into functional groups 
for a broad view on the general pattern of structure-function relationships. 
The groupings contain scorpion toxin sequence groups that have not been 
previously defined and classified.  
4) Developed a new approach to extract functionally relevant motifs from 
scorpion toxins based on analyses of multiple sequence alignment of 
scorpion toxins, 3D structures and scorpion mutant data. This approach 
also helped in the identification of critical functional residues at key 
positions in toxin sequences which lack conserved residues.  
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5) Developed the first prediction tool, Annotate Scorpion which accurately 
predicts the functional properties of newly identified scorpion toxins. The 
accuracy was validated by new experimental data. This tool helps reduce 
the number of experiments needed to characterise their functional 
properties. 
6) Generated 548 homology models of scorpion toxins not available 
previously and made them publicly accessible for 3D analysis. 
 
1.3 A summary of the thesis 
This thesis consists of four parts. Part I provides an introduction to the 
importance and issues of venom research, and how bioinformatics can facilitate venom 
research (Chapter 1). A review on venominformatics applications and related 
information in major public databases, and bioinformatics applications available for 
analysing large number of toxin data is discussed (Chapter 2). 
Part II presents the original findings of the research undertaken in this 
dissertation which includes a large-scale classification of scorpion toxins by functional 
properties and primary sequence similarity, for a global view on their general pattern 
of structure-function relationships (Chapter 3). Functional motifs were extracted from 
analyses of multiple sequence alignment of scorpion toxins, 3D structures and 
information from scorpion mutant data (Chapter 4). A new algorithm, based on 
sequence comparison, nearest neighbour analysis and decision rules to predict the 
functional properties of novel scorpion toxins, was implemented (Chapter 5). High 
prediction accuracy was achieved as validated by experimentally characterised 
scorpion toxin sequences.  
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Part III describes the implementation of specialised data warehouse of scorpion 
toxins – SCORPION2 – integrated with bioinformatics tools (Chapter 6). The current 
limitations of bioinformatics for functional prediction of scorpion toxins was also 
explored (Chapter 7).  
Part IV (Chapters 8 and 9) draws conclusions from the bioinformatic-based 
approach to large-scale analysis of scorpion toxins and also discusses future directions. 
The work presented in this thesis has been published in a series of journal 
articles. These include: the review on bioinformatics for venom science, Tan et al. 
(2003) – Chapter 2; Tan et al. (2006a) – Chapter 4 where functionally relevant 
scorpion toxin motifs were extracted from the approach of including scorpion mutant 
toxin data in the analysis; Tan et al. (2005) – Chapter 5 where the first functional 
prediction tool was developed for scorpion toxin research; Tan et al. (2006b) – Chapter 
6 discussed the data warehouse of scorpion native and mutant toxin data with 
integrated bioinformatic tools for data analysis. 
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Researchers currently spend significant time and effort in searching for all available 
information on animal toxins because a centralised repository is lacking. Toxin 
sequences are scattered across numerous public databases. Most of the structural and 
functional information that can improve our understanding of bioactive toxins is stored 
in the literature. The scattered toxin data and literature information has created a need 
for improved data management in the field of toxin research. A data warehouse of 
toxins serves as a major repository for analysis and interpretation of consolidated, 
cleaned and enriched toxin data. The data warehouse with integrated bioinformatic 
tools also facilitates characterisation of the increasing number of newly identified toxin 
sequences with unknown function. 
Venominformatics is a field combining venom biology and bioinformatics. 
Venom biology generates large quantities of biological data, while bioinformatics 
provides an effective means to store and analyse large volumes of complex biological 
data. Combining the two fields provides the potential for great strides in understanding 
and increasing the effectiveness of venom research. The main goal is the extraction of 
new knowledge from large-scale analysis of toxin data. The bioinformatic approach 
provides a means for the systematic study of a large number of toxins, and facilitates 
experimental design and selection of key experiments. This chapter focuses on 
resources containing toxin data, bioinformatic applications for analysis of toxin data, 
and prediction of their structure-function relationships. 
 
2.1 Use of bioinformatics to complement experimental studies  
Animal venoms contain a diverse array of bioactive toxins that have a variety 
of biochemical and pharmacological functions (Kordis and Gubensek, 2000; Fry et al., 
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2003). Established methods for determining specific functions of toxins are based on 
experimental studies of naturally occurring peptides (e.g. Inceoglu et al., 2002; Zhu et 
al., 2004b), site-directed mutagenesis (e.g. Everhart et al., 2004; Ivanovski et al., 
2004), or use of chemically modified variants (e.g. Chang et al., 2004; Chang et al., 
2005). The pharmacological properties of toxins are tested in animal models such as 
mice, rats, crustaceans or insects. The experimentation is often supported by 
computational algorithms for sequence comparison (Wang et al., 2003; Cohen et al., 
2004; Cohen et al., 2005) or for modelling of toxin 3D structures (Mourier et al., 2003; 
Benkhadir et al., 2004). Systematic functional study of even one individual toxin 
requires a significant experimental effort. Consequently, most research groups focus 
on determining functional properties of individual toxins or small groups of toxins. 
Bioinformatic analyses can improve the efficacy of research by assisting in selection of 
critical experiments. Bioinformatic approaches involve access to toxin data scattered 
across multiple databases, inspection for errors, classification and analysis of toxin 
sequences and their structures, and the design and use of predictive models for 
simulation of laboratory experiments. 
 
2.2 Genome sequencing of venomous animals 
Currently, genomes of honey bee, sea urchin and duck-billed platypus are being 
sequenced (http://www.genome.gov/10002154). Large-scale studies of toxins from 
identification of expressed sequences generate large amount of unannotated sequence 
data deposited in public databases. For example, 8966 unique putative sequences were 
assembled from the honey bee brain expressed sequence tag project 
(http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=7460). The cDNA 
libraries constructed with mRNA isolated from venom glands have been used for 
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sequencing toxins in scorpions, snakes, and cone snails (e.g. Peng et al., 2003; Jiqun et 
al., 2004; Santos et al., 2004). Some of these projects have resulted in identification of 
hundreds of new toxin sequences. For example, 170 novel conotoxins were identified 
from cone snail expressed-sequence tag assemblage (Conticello et al., 2001). 
Bioinformatics aids in the large-scale studies of toxins where putative function can be 
assigned efficiently for large number of toxin sequences.  
 
2.3 Sources of toxin data and related information  
Toxin data and information are scattered across multiple resources. The data 
include nucleotide and amino acid sequences, secondary structures and 3D structures 
deposited in public databases such as GenBank (Benson et al., 2005), Swiss-Prot 
(Bairoch et al., 2004) and PDB (Deshpande et al., 2005). Structure-function 
information, particularly mutation studies (such as site-directed mutagenesis), is 
available in the literature. The advantages and disadvantages of these databases for the 
creation of data warehouses of toxins would be reviewed in the sub-chapters. The 
issues of data collection, cleaning and annotation when consolidating the scattered data 
would also be described.   
 
2.3.1 GenBank and GenPept databases 
Toxin data are extracted from GenBank (Benson et al., 2005) database because 
it contains a comprehensive collection of publicly available nucleotide sequences. 
GenBank encourages direct submissions of new data and batch submissions from 
large-scale sequencing projects to help maintain accuracy, relevance and 
comprehensiveness of the database. GenPept protein database contains translated 
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nucleotide sequences found in GenBank. However, records in these databases contain 
only basic information such as the toxin sequence, its name, taxonomy of the source 
organism, and when available, a list of basic sequence features and references. The 
records need to be enriched with structural and functional information (such as 
residues important for folding, binding affinity and toxicity information) which is 
available in the literature (see section 2.3.4).  
 
2.3.2 Swiss-Prot and TrEMBL databases 
Toxin data are also extracted from Swiss-Prot and TrEMBL (Bairoch et al., 
2004) databases because they have a comprehensive collection of protein sequences. 
Swiss-Prot contains a high level of curated structural and functional information that 
may include disulfide connectivity, secondary structure information, ion channel 
specificity and protein family classification, among others. TrEMBL contains 
computationally annotated translations of all EMBL (Cochrane et al., 2006) nucleotide 
sequence entries not yet integrated in Swiss-Prot. The information in Swiss-Prot and 
TrEMBL records expedites subsequent annotation when new structure-function 
information is available.  
 
2.3.3 Protein Data Bank (PDB) 
Analysing toxin 3D structures are important because toxin function is related to 
its structural folding. Inclusion of 3D structural information to toxin sequence analysis 
facilitates identification of residues that are important for structure and function. As of 
May 2005, the structural database PDB (Deshpande et al., 2005) contains only 82 3D 
structures of scorpion toxins in contrast to the estimated 100,000 different toxins in the 
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natural venom library. Because the growth of new scorpion toxin sequences outpaces 
that of experimentally solved 3D structures, toxin structure prediction is necessary to 
overcome this disparity. The experimentally solved 3D structures serve as templates 
for generating homology models of toxin sequences because a majority of scorpion 
toxins share a common scaffold (Kobayashi et al., 1991; Rodriguez de la vega and 
Possani, 2004, 2005). The generated homology models do not replace, but serve as an 
alternative to, experimentally determined structures because homology models may 
not be as accurate as the latter. 
 
2.3.4 PubMed literature database 
The wealth of information from the literature is important for interpretation of 
experiments and predictions. Most structural and functional information of toxin 
sequences is reported in published literature where abstracts of the published literature 
can be searched in PubMed (http://www.pubmed.gov/) or similar data sources. 
Extraction of structure-function information is important for enriching toxin data 
records, particularly those which have limited or no annotation. The enriched records 
enable a more detailed analysis in contrast to records with only sequence information.  
 
2.3.5 Issues on data collection, cleaning, annotation  
The collection of toxin data from different databases is hampered by different 
database formats and variations in fieldnames that describe the same information. For 
example, a toxin primary sequence is described in the ‘translation’ field of a GenBank 
record but in Swiss-Prot, it is described in the ‘sequence’ field. The differences in 
fieldnames describing the same information need to be standardised to a uniform data 
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representation. For example, a standard field such as ‘translation’ can be used to 
describe toxin primary sequence regardless of data sources. The uniform data 
representation is critical because consistency is required for efficiency of subsequent 
analyses.  
When consolidating records from different databases, the same data may be 
duplicated in another database, resulting in data redundancy. Data cleaning involves 
removing these redundant records to improve on data quality. For example, of all 
snake venom phospholipase A2 toxin entries in the GenBank and Swiss-Prot databases, 
55% were redundant and needed to be filtered out prior to data analysis (Tan et al., 
2003). Data cleaning also involves detecting discrepancies in data information, 
highlighting, and subsequently correcting the conflicts. Some examples include 
detecting discrepancy in the toxin primary sequence between literature and database, 
different names for the same sequence and missing links between databases 
(Srinivasan et al., 2002a). 
Records in the public databases typically contain basic information. Data 
annotation, also known as data enrichment or enhancement, is the process of 
furnishing critical commentary or explanatory notes1. Data annotation enriches the data 
for extrapolation of meaningful insights from multi-source bits of information. 
Correlating the relevant information from multiple sources is critical for increasing the 
overall knowledge and for improving the understanding of a specific subject in the data 
warehouse (Karasavvas et al., 2004). It is important to differentiate experimentally 
determined function from those that have been predicted computationally (Karp et al., 
2001) because the latter require subsequent validation. This would allow researchers to 
verify and decrease the propagation of incorrect predicted function during data 
                                                 
1 http://dictionary.reference.com/search?q=annotation 




2.4 Data warehouses of toxins 
To the author’s knowledge, only four toxin data warehouses are currently 
available as major resources for the study of toxins. The databases contain entries 
collected from different sources, cleaned, organised, analysed and classified according 
to their structure-function relationships. The SCORPION (Srinivasan et al., 2002a) had 
277 entries of native scorpion toxin sequences, annotated and classified according to 
their structural and functional properties. The SCORPION2 database has 819 entries of 
native and mutant scorpion toxin sequences annotated with functional information 
extracted from literature and 624 3D structures. The MOLLUSK2 database contains 
457 peptides from the cone snail venoms where each entry has a unique field to 
facilitate comparison of conotoxin entries. Functionally annotated entries of snake 
venom phospholipase A2 (svPLA2) and neurotoxins (svNTXs) are found in the svPLA2 
(Tan et al., 2003) and svNTXs (Siew et al., 2004) databases, respectively. 
 
2.5 Bioinformatic tools 
 General bioinformatic tools commonly used in analyses of toxin data include 
but are not limited to BLAST (Altschul et al., 1997) and Clustal W (Thompson et al., 
1994). The BLAST search tool finds regions of local similarity between query 
sequences and database sequences by calculating the statistical significance of 
matches. Uses of BLAST include inferring functional and evolutionary relationships 
between sequences as well as help identify members of gene families. Clustal W is a 
                                                 
2 Mollusk database of cone snail toxins. http://research.i2r.a-star.edu.sg/MOLLUSK/ 
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general purpose multiple sequence alignment program for nucleotide or protein 
sequences. It involves the optimal alignment of the greatest number of identical or 
similar residues into columns across many nucleotide or protein sequences. Patterns of 
aligned sequences can be used in the analysis of function, structure and phylogeny 
relationship between sequences. Phylogenetic tools such as Mega 3.0 (Kumar et al., 
2004) have been developed as easy-to-use computer programs for inference of 
evolutionary relationship between sequences which provides a guide to their structure-
function relationships. Different homology modeling servers e.g. SDPMOD (Kong et 
al., 2004) and Swiss-Model (Schwede et al., 2003) are available to generate homology 
models of toxins lacking experimental structures.  
Specialised tools for analysis of toxins is currently lacking since toxin data 
needs to be analysed prior to development of analysis tool and such detailed analyses 
have been of limited scope.  
 
2.6 Bioinformatic applications  
Commonly used bioinformatic methods for analysing toxin data are:  
• phylogenetic analysis,  
• multiple sequence alignments,  
• 3D structure analysis, and  
• homology modeling.  
Phylogenetic analysis has been used to study diversification of scorpion toxins, 
snake toxins and conotoxins (Conticello et al., 2001; Fry and Wuster, 2004; Zhu et al., 
2004a), and classification of scorpion (Rodriguez de la Vega and Possani, 2004) and 
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snake toxins (Fry, 2005). Multiple sequence alignment and analysis of their 3D 
structures provide a complementary approach to site-directed mutagenesis for 
identification of functional residues in toxins (Chioato and Ward, 2003; Everhart et al., 
2004; Karbat et al., 2004b). Homology modeling has been used in designing mutants 
to determine function of toxins and computational simulations of ligand-
channel/receptor interactions to determine interacting residues and structure guided 
drug development (Chen and Pellequer, 2004; Dutertre et al., 2004; Liu and Lin, 2004; 
Yu et al., 2004). Researchers are increasingly using a combination of these 
bioinformatic methods to establish structure-function relationships (Bagdany et al., 
2004; Giangiacomo et al., 2004; Karbat et al., 2004a; Ramos and Selistre-de-Araujo, 
2004; Siew et al., 2004).  
 
2.7 Prediction of structure and function of toxins 
Crystallisation of macromolecules is a slow and complex process, which 
requires optimisation of various interdependent physical, chemical, and biological 
parameters (McPherson, 1999). Therefore, prediction of 3D structures of proteins from 
primary structures by comparative analysis and homology modeling techniques is an 
attractive alternative for studying structure-function relationships in large number of 
toxins. The comparison of homology models with experimentally solved 3D structures 
of toxins enabled identification of putative functional residues involved in binding and 
catalytic site, which were subsequently experimentally validated (Hains et al., 1999; 
Church and Hodgson, 2002; Moreno-Murciano et al., 2003). 3D molecular simulations 
of toxin-receptor complexes have been used for determination of critical interacting 
residues on the surface of toxins (Grant et al., 2004; Wu et al., 2004; Yu et al., 2004). 
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The majority of scorpion toxin 3D structures determined share a common 
structural motif, called the cysteine-stabilised α-helix (CSH) fold (Figure 1A). The 
CSH fold comprises an α-helix cross-linked by three to four disulfide bridges to an 
extended β-sheets (Kobayashi et al., 1991). Thus, scorpion toxins are a good example 
of dissimilar proteins sharing similar structural scaffolds. The CSH-type scorpion 
toxins have different lengths of loops and types of turns, resulting in a wide range of 
pharmacological properties. This makes the prediction of function from structure 
(primary, secondary, and 3D) alone a difficult task. A new fold, consisting of two short 
helixes cross-linked with two disulfide bridges, was recently characterised in a new 






Figure 1 The 3D structures of scorpion toxins. A) Cysteine-stabilised α-helix fold was 
shared by majority of scorpion toxins. The fold consisted of an α-helix and two – three 
β-sheets cross-linked by three – four disulfide bonds. Represented by charybdotoxin 
(PDB ID: 2CRD). B) A new fold, consisting of two parallel helices linked by two 
disulfide bridges, was determined in a group of new family of weak K+ scorpion 
toxins. Represented by hefutoxin (PDB ID: 1HP9). 
A) B) 
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To the best of the author’s knowledge, a specialised bioinformatic tool for 
functional prediction of toxins does not exist, other than the tool presented in this 
thesis. Function of uncharacterised toxins is inferred from identification of 
characterised similar sequences using BLAST (Altschul et al., 1997) or FASTA 
(Pearson, 2000) programs. Alternatively, function is assigned by searches in pattern 
databases such as PROSITE (Hulo et al., 2004). Generally, all pattern databases use 
statistical approaches to assign confidence levels to query matches to the motifs but 
statistical significance does not necessarily equate to biological proof (Attwood, 2000). 
For example, ‘Protein kinase C’ (accession ID: PDOC00005) and ‘Casein kinase II’ 
(accession ID: PDOC0006) phosphorylation sites were found in a sodium specific 
toxin, AaHIT2 (Loret et al., 1990) upon submission in PROSITE. Both 
phosphorylation sites which are irrelevant for the function of sodium toxins have a 
high probability of occurrence in most protein sequences. 
Conversely, mutation studies of toxins (such as site-directed mutagenesis and 
chemical modification) have identified critical residues important for both structural 
and functional properties. However, this information has not been used in large-scale 
analysis of toxin data for identifying critical structural and functional residues. Insights 
gained from the analysis can be used to develop functional prediction tools that include 
biological information from mutant data. 
 
Chapter summary  
• Large amount of toxin data with limited or no annotation is generated from 
increased automation of experimental techniques (e.g. large-scale sequencing 
of the three venomous animal genomes). These toxin data are scattered across 
general databases whose aim is to contain as many genomic or protein 
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sequences as possible.  
• Structure-function information, in particular that of mutation studies of toxins, 
is available in the literature but is usually not used to enrich the toxin records in 
the general databases or extraction of functionally motifs. 
• The scattered toxin data and structure-function information requires an 
improved data management in the field of toxin research. Venominformatics, a 
field combining toxin research and bioinformatics, allows systematic large-
scale studies of toxin data where it facilitates experimental design and selection 
of key experiments by development of functional prediction tools. 
• Specialised data warehouses of toxins are dedicated repositories of toxin data 
extracted from public databases, literature or other public repositories, and 
experimental measurements. Data warehouses have integrated bioinformatic 
tools for detailed data analysis and mining. 
• The bioinformatic tools commonly used include BLAST for inference of 
functional and evolutionary relationships and Clustal W for analyses of 
structure, function and phylogeny relationships. Comparative homology 
modeling servers help predict tertiary structures of toxins which lack 
experimentally solved 3D structures. 
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‘The great challenge in biological research 
today is how to turn data into knowledge. 
I have met people who think data is 
knowledge but these people are then 
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Classification of all currently known scorpion toxins according to their function is 
necessary for clarifying the global perspective, including an overview of the functional 
repertoire of the toxins. Such knowledge will facilitate functional assignment of newly 
identified scorpion toxins. Classification also provides an effective means to retrieve 
relevant biological information from vast amounts of toxin data. Advances in genomics 
and proteomics have identified new scorpion toxin sequences at an ever-increasing 
rate. For example, more than 100 different components were identified from the 
proteome analysis of Tityus cambridgei scorpion venom, of which 26 have been 
partially sequenced (Batista et al., 2004). Many of these toxin sequences have yet 
unknown function. Consequently, there is a need to analyse and organise these 
sequences with currently known and annotated scorpion toxin data (nearly 1000 
sequences as of November 2005) for a broad view on their general patterns in structure 
and function.  
However, the available large-scale classification of scorpion toxin sequences is 
limited and is based mainly on the analysis of evolutionary properties of scorpion 
toxins currently known. These classifications were performed on toxins isolated from 
distinct scorpion species (Corona et al., 2002, Goudet et al., 2002) and also by 
specificity to different ion channels. For example, Possani et al. (1999) classified 36 
sodium specific scorpion toxins into 10 groups based on animal species specificity and 
pharmacological effects on sodium channels. Since then, the number of known sodium 
specific scorpion toxins has increased to 213 toxins. For potassium specific toxins, 
Tytgat et al. (1999) classified them into three families (α-, β- and γ-scorpion toxins). 
The α- and β-toxins were classified based on peptide length and alignment of cysteines 
and other conserved residues while γ-toxins were based on specificity to ether-a-go-go 
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potassium channel subtype. The α-toxin family by that time contained 49 different 
toxins, comprising 12 subfamilies (Tytgat et al., 1999). This classification has 
expanded to 18 subfamilies as new scorpion toxin sequences were identified but did 
not fit into the former 12 subfamilies (Rodriguez de la Vega and Possani, 2004). In 
protein classification databases such as Pfam (Bateman et al., 2004) and ProDom 
(Servant et al., 2002), protein families are obtained from multiple sequence alignments 
of similar proteins. These groups however are based on sequence similarity and are not 
necessarily functionally relevant. For example, Toxin 3 family (accession ID: 
PF00537) in Pfam release 18.0 classified scorpion toxins along with plant defensins. 
Here, the author describes a systematic large-scale classification of scorpion 
toxin sequences into groups based on ion channel specificity and primary sequence 
similarity, combined with multiple sequence alignments and phylogenetic analyses 
(Tan et al., 2005). This classification is based on Tytgat’s approach (1999) of primary 
sequence similarity and multiple sequence alignment but refined using a larger number 
of scorpion toxin sequences. The toxin sequences were classified with reference to 
their structural and functional properties. This large-scale classification of currently 
known scorpion toxins reflects the underlying toxin families for a global view of their 
structure-function relationships. This is a dynamic field where classified groups can be 
defined and redefined as the number of known toxin sequences grows. Many groups 
contain scorpion toxin sequences that have not been classified. Highly accurate 
functional predictions of novel scorpion toxin sequences have been obtained by 
comparison with the classified groups (Chapter 5). 
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3.1 Classification of scorpion toxins 
Scorpion toxins are important physiological probes for characterising ion 
channels. They have been classified into four broad groups, namely those that interact 
with sodium (Na+), potassium (K+), calcium (Ca2+), or chloride (Cl-) ion channels 
(Gordon and Gurevitz, 2003; Fuller et al., 2004; Giangiacomo et al., 2004; Lacinova, 
2004) (Table 2). Scorpion toxins are also classified as long-chain toxins containing 60 
– 70 amino acid residues with four disulfide bridges or short-chain toxins containing 
30 – 40 amino acid residues with three or four disulfide bridges (Goudet et al., 2002). 
Na+ toxins belong to the long-chain toxin family while K+, Ca2+ or Cl- toxins belong to 
the short-chain toxin family. Additionally, scorpion toxins can be classified according 
to species-specificity of toxicity (insect, crustacean or mammal). Some toxins show 
cross-specificity; for example, BmK M1 from Buthus martensii Karsch targets both 
insect and mammalian cells (Liu et al., 2005). 
Based on electrophysiological studies, scorpion toxins that interact with Na+ 
channels have been classified into three types: α, α-like and β toxins. The α toxins (e.g. 
AaHII from Androctonus australis Hector) slow or block the inactivation of Na+ 
channel in a voltage-dependent mechanism whereas β toxins (e.g. Cn2 from 
Centruroides noxius) affect the Na+ channel activation independently of membrane 
potential (Couraud et al., 1982). The third type is α-like toxins (e.g. LqhIII from 
Leiurus quinquestriatus Hebraeus) that induce sodium current in neuronal preparation 
but do not compete for AaHII binding (Gordon et al., 1996; Gordon and Gurevitz, 
2003). The α toxins and α-like toxins bind to site 3, while β toxins bind to site 4 on the 
Na+ channel (Jover et al., 1984). β toxins are further classified into depressant and 
excitatory toxins. Depressant toxins induce a block of action potentials whereas 
excitatory toxins cause a repetitive activity on Na+ axonal membrane (Zlotkin et al., 
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1985).  
The subtypes of K+ channels targeted by scorpion toxins include voltage-gated 
K+ channels (Pragl et al., 2002), inward rectifier K+ channels (Lu and MacKinnon, 
1997), ether-a-go-go-related gene K+ channels (Frenal et al., 2004; Korolkova et al., 
2004) and Ca2+-activated K+ channels that include large, intermediate and small 
conductance Ca2+-activated K+ channels (Rodriguez de la Vega et al., 2003; Jouirou et 
al., 2004; Xu et al., 2004a). Two Ca2+-channels subtypes were reported to be targeted 
by scorpion toxins: Type 1 ryanodine (Zamudio et al., 1997; Fajloun et al., 2000; Zhu 
et al., 2004b) and T-type voltage-gated Ca2+-channels (Chuang et al., 1998; Lopez-
Gonzalez et al., 2003). The ability of scorpion toxins to block Cl- channels is 
controversial (Maertens et al., 2000; Dalton et al., 2003; Fuller et al., 2004). 
 
Table 2 Different criteria can be used to classify scorpion toxins: peptide length, ion 
channel specificity and electrophysiology.  




60 – 70 residues 
Na+ - α 
- α-like 
- β (depressant, excitatory) 
K+ - Voltage-gated 
- Inward rectifier 
- Ca2+-activated 
- Ether-a-go-go 
Ca2+ - Type 1 ryanodine 
- T-type voltage-gated 
Short chain 
30 – 40 residues  
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3.2 Data classification of scorpion toxin sequences 
 Data classification is an important step for effective information management 
as it provides an overview of the categories of related biological sequences. It also 
describes the key relationships between particular characteristics and the 
corresponding data. An adequate classification of related biological sequences can be 
used to predict the function of an unknown sequence based on inference of homology 
between the unknown and the characterised sequences in a class. Homologous 
sequences are assumed to descend from a common evolutionary ancestor and thus 
likely share similar function. 
Large-scale classification of scorpion toxin sequence data was achieved in this 
work by a combination of bioinformatic approaches through pairwise and multiple 
sequence alignments, and phylogenetic analyses. This is necessary because each 
individual approach has its limitations. The pairwise alignment does not give a clear 
indication of the domain structure of proteins (Bateman et al., 2000) as compared to 
multiple sequence alignment which gives a better picture of most conserved residues in 
a protein family. For multiple sequence alignment, because of large number of possible 
alignments, alignment methods often produce mistakes which compromise the quality 
of results (Cline et al., 2002). Different algorithms have been designed for assembly of 
multiple sequence alignments. However, none of these algorithms performs 
consistently better than the others (Poirot et al., 2003). An individual algorithm maybe 
better than others for certain types of problems, but none of these is the best across a 
broad range of alignment problems (Lassmann and Sonnhammer, 2002). In phylogeny, 
the accuracies of multiple sequence alignment affect the estimation of phylogenetic 
relationship among sequence data analysed. If the sequences align well, they are likely 
to be derived from a common ancestral sequence. On the other hand, a group of poorly 
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aligned sequences may share a complex and distant evolutionary relationship. 
Inaccurate multiple alignments will result in incorrect trees and erroneous 
interpretation of these trees. Thus, by combining multiple approaches, the limitations 
can be minimised and more accurate analyses of structure-function of scorpion toxins 
can result from these analyses. 
 
3.3 Materials and Methods 
Scorpion toxin sequences were collected from public databases and literature, 
and deposited into the SCOPRION2 database (discussed in Section 6.3). Of 393 
currently known scorpion toxins, 383 sequences were classified into four broad 
families, namely sodium (Na+), potassium (K+), calcium (Ca2+) and chloride (Cl-) 
specific toxins. Potassium family was further divided into three subfamilies: α, β and γ 
according to Tytgat et al. (1999). One sequence belonged to the scorpion defensin 
family while the molecular targets of nine sequences were not reported and were called 
‘orphans’. The orphans and the defensin were not included in the classification. Within 
each broad group, sequences were further classified into groups based on primary 
structure similarity using BLAST (Altschul et al., 1997) and Clustal W (Thompson et 
al., 1994), and verified by phylogenetic analysis using MEGA 3.0 (Kumar et al., 2004) 
(Figure 2). The classification process has been illustrated using sodium group 1 
(Na01) as an example.  
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Scorpion toxin data
Classify by ion channel specificity
Na+ K+ Ca2+ Cl- DefensinOrphan
BLAST: classify into groups
Clustal W: classify into subgroups
MEGA 3.0: verify groupings
 
Figure 2 Flowchart of the large-scale classification of scorpion toxin data. 
 
 
3.3.1 Classification of sequences into groups by BLAST 
Within each broad ion channel family, a representative sequence toxin from a 
list of unclassified toxin sequences was submitted to the blastp program against the 
non-redundant (nr) database at NCBI (http://ww.ncbi.nlm.nih.gov/BLAST/). BLAST 
result obtained after every submission ranked protein sequences from the most similar 
to the least similar to the query. By looking at the expectation (E) value, a cut-off was 
determined by manual inspection for each group of sequences. The E value is a 
parameter that describes the probability of matches against database sequences. The 
cut-off value would vary depending on the similarity of the top scoring sequences, but 
usually occurred where there was a large change in E values between two consecutive 
sequences. The higher E value would serve as the cut-off value. Sequences which had 
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E values lower than this cut-off were clustered into a group. The sequences scoring 
higher than the cut-off were added to a new group. For example, in Figure 3, the query 
sequence was Na+ toxin, BmKIT1 isolated from Buthus martensii Karsch. A large 
difference in the E values from 2×e-20 to 1×e-7 between sequences 17 and 18 (Bjxtr-It 
and Cse-V5, respectively) serves as a cut-off (Figure 3A). The higher E value of 1×e-7 
was set as the cut-off value to cluster sequences 1 – 17 into a preliminary group i.e. 
neurotoxin (KIT) to Scorpion toxin Bjxtr-IT. 
The preliminary grouping of the 17 sequences was confirmed by submitting the 
last sequence (Bjxtr-IT) before the cut-off value 1×e-7 for a second BLAST search 
(Figure 3B). In the result returned by the second BLAST search, the cut-off value of 
8×e-8 was set because a large difference in the E values occurred between sequences 
Toxin 1 and TbIT-I. Sequences with E values lower than 8×e-8 were clustered and 
compared with the list of toxin sequences in the preliminary group. The grouping was 
finalised if both BLAST results clustered the same toxin sequences together. The 
confirmed group was named according to ion channel specificity followed by a 
number e.g. Na01. The classified sequences were removed from the list of unclassified 
toxin sequences and the process was repeated with subsequent sequences until the list 
was exhausted. 




                                                                     Score     E 
Sequences producing significant alignments:                        (Bits)  Value 
 
gi|3036821|emb|CAA76604.1|  neurotoxin (KIT) [Mesobuthus martensi   152    3e-36 
gi|3063655|gb|AAC14130.1|  neurotoxin BmK IT precursor [Buthus...   150    1e-35 
gi|3649606|gb|AAC61256.1|  insect neurotoxin precursor [Buthus...   126    2e-28 
gi|58176732|pdb|1T0Z|B  Chain B, Structure Of An Excitatory In...   126    2e-28 
gi|161147|gb|AAA29950.1|  neurotoxin AaH IT1                        121    7e-27 
gi|69545|pir||XISR1A  insect toxin 1 - Sahara scorpion >gi|223...   121    7e-27 
gi|232628|gb|AAA03882.1|  insect-specific neurotoxin precursor...   121    7e-27 
gi|134372|sp|P01497|SIX1_ANDAU  Insect toxin 1 precursor (AaH ...   121    7e-27 
gi|56404741|sp|P68722|SIXB_LEIQH  Insect neurotoxin 1b precursor    118    5e-26 
gi|102777|pir||G34444  insect toxin 2 precursor - Sahara scorp...   118    6e-26 
gi|56404740|sp|P68721|SIXA_LEIQH  Insect neurotoxin 1a precursor    115    3e-25 
gi|84690|pir||S08267  toxin 1 - scorpion (Leiurus quinquestria...   114    9e-25 
gi|56404742|sp|P68723|SIXC_LEIQH  Insect neurotoxin 1c precursor    108    5e-23 
gi|56404743|sp|P68724|SIXD_LEIQH  Insect neurotoxin 1d precursor    104    9e-22 
gi|6094296|sp|P56637|SIXE_BUTJU  Excitatory insect toxin Bjxtr...   100    2e-20 
gi|3858953|emb|CAA09988.1|  neurotoxin, variant 38K [Hottentotta    100    2e-20 
gi|4140001|pdb|1BCG|   Scorpion Toxin Bjxtr-It                      100    2e-20 
gi|102790|pir||C23727  neurotoxin V-5 - bark scorpion >gi|2052...  57.8    1e-07 




                                                      Score     E 
Sequences producing significant alignments:                        (Bits)  Value 
 
gi|6094296|sp|P56637|SIXE_BUTJU  Excitatory insect toxin Bjxtr...   175    3e-43 
gi|4140001|pdb|1BCG|   Scorpion Toxin Bjxtr-It                      175    3e-43 
gi|3858953|emb|CAA09988.1|  neurotoxin, variant 38K [Hottentotta    174    1e-42 
gi|3063655|gb|AAC14130.1|  neurotoxin BmK IT precursor [Buthus...   101    6e-21 
gi|3649606|gb|AAC61256.1|  insect neurotoxin precursor [Buthus...   101    8e-21 
gi|58176732|pdb|1T0Z|B  Chain B, Structure Of An Excitatory In...   101    8e-21 
gi|3036821|emb|CAA76604.1|  neurotoxin (KIT) [Mesobuthus martensi   100    2e-20 
gi|56404741|sp|P68722|SIXB_LEIQH  Insect neurotoxin 1b precursor   95.9    3e-19 
gi|56404743|sp|P68724|SIXD_LEIQH  Insect neurotoxin 1d precursor   93.6    2e-18 
gi|161147|gb|AAA29950.1|  neurotoxin AaH IT1                       93.2    2e-18 
gi|56404740|sp|P68721|SIXA_LEIQH  Insect neurotoxin 1a precursor   93.2    2e-18 
gi|134372|sp|P01497|SIX1_ANDAU  Insect toxin 1 precursor (AaH ...  93.2    2e-18 
gi|69545|pir||XISR1A  insect toxin 1 - Sahara scorpion >gi|223...  92.0    5e-18 
gi|232628|gb|AAA03882.1|  insect-specific neurotoxin precursor...  92.0    5e-18 
gi|102777|pir||G34444  insect toxin 2 precursor - Sahara scorp...  90.1    2e-17 
gi|56404742|sp|P68723|SIXC_LEIQH  Insect neurotoxin 1c precursor   89.7    2e-17 
gi|84690|pir||S08267  toxin 1 - scorpion (Leiurus quinquestria...  86.7    2e-16 
gi|41017886|sp|P60275|SCXI_TITBA  Insect toxin TbIT-I              58.2    8e-08 
gi|58379083|gb|AAW72463.1|  putative long-chain toxin precursor    57.4    1e-07  
 
Figure 3 BLAST search results were used for classification of scorpion toxin 
sequences into groups based on high primary sequence similarity. First column 
provides the database accession numbers and toxin names. Second and third columns 
represent the score and E values. Sequences were classified into groups by analysing 
their E values. A) Result of submitting BmKIT1, a Na+ toxin from Buthus martensii 
Karsch, against the nr database at NCBI. A marked increase in the E values from 2×e-
20 to 1×e-07 would serve as a borderline where 1×e-07 was designated as the cut-off 
value. Sequences having E values < 1×e-07 were clustered into a preliminary group. B) 
Result of submitting Bjxtr-IT 1 from Hottentotta judaica, which was the last sequence 
before the cut-off value, 1×e-07 into nr database. The cut-off value for this second 
BLAST search was 8×e-08, where sequences having E values lower than 8×e-08 were 
clustered into the group. 
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3.3.2 Data classification into subgroups by Clustal W 
Within each group, multiple sequence alignment was performed using Clustal 
W. Sequences with distinct primary structure patterns were further classified into 
subgroups. Subgroups were given an alphabet after the group name e.g. Na01a. For 
example, the two Bjxtr-IT sequences had five distinct residues at positions 16 to 21 
from the rest of the sequences in Na01 and was classified into a subgroup, Na01c 
(Figure 4). The C-terminal residues of BmK IT-AP, BmKIT1, Bm32-VI and BmK IT 
were distinct, sharing pattern of Na01c. These four were classified into a second 
subgroup while the rest of the sequences form the last subgroup. 
 
3.3.2 Verification of groups and subgroups by MEGA 3.0 
 The author verified these groupings by phylogenetic analysis using MEGA 
3.0. Phylogenetic trees were reconstructed using the neighbour-joining algorithm 
(Saitou and Nei, 1987). Sequences in Na01b were clustered and separated from Na01a 
and Na01c (Figure 5). The group and subgroup classification of each scorpion toxin 
sequence can be found in the SCORPION2 database entries (See Appendix 1).  
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                1       10        20        30        40        50        60    
                |        |         |         |         |         |         |    
AaHIT1          KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
AaHIT1v17L      KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
AaIT            KKNGYAVDSSGKAPEC-----LLSNYCNNQCTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
AaHIT2          KKNGYAVDSSGKAPEC-----LLSNYCYNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
AaHIT3          KKDGYAVDSSGKAPEC-----LLSNYCYNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
IsomTx1         KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLSDDKKVLE 55 
IsomTx2         KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLSDDKKVLD 55 
LqqIT1v33E      KKNGYAVDSSGKAPEC-----LLSNYCYNECTKVHYADKGYCCLLSCYCVGLSDDKKVLE 55 
LqqIT1v33D      KKNGYAVDSSGKAPEC-----LLSNYCYNECTKVHYAEKGYCCLLSCYCVGLSDDKKVLE 55 
LqhIT1-a        KKNGYAVDSKGKAPEC-----FLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
LqhIT1-b        KKNGYAVDSKGKAPEC-----FLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
LqhIT1-c        KKNGYAVDSKGKAPEC-----FFSNYCNNECTKVHYAEKGYCCLLSCYCVGLNDDKKVME 55 
LqhIT1-d        KKNGFAVDSNGKAPEC-----FFDHYCNSECTKVYYAEKGYCCTLSCYCVGLDDDKKVLD 55 
BmK IT-AP       KKNGYAVDSSGKVAEC-----LFNNYCNNECTKVYYADKGYCCLLKCYCFGLADDKPVLD 55 
BmKIT1          KKNGYAVDSSGKVSEC-----LLNNYCNNICTKVYYATSGYCCLLSCYCFGLDDDKAVLK 55 
Bm32-VI         KKNGYAVDSSGKVSEC-----LLNNYCNNICTKVYYATSGYCCLLSCYCFGLDDDKAVLK 55 
BmK IT          KKNGYAVDSSGKVSEC-----LLNNYCNINCTKVYYATSGYCCLLSCYCFGLDDDKAVLK 55 
Bjxtr-ITv56E    KKNGYPLDRNGKTTECSGVNAIAPHYCNSECTKVYYAESGYCCWGACYCFGLEDDKPIGP 60 
Bjxtr-ITv56K    KKNGYPLDRNGKTTECSGVNAIAPHYCNSECTKVYYAKSGYCCWGACYCFGLEDDKPIGP 60 
                **:*:.:* .**..**     :  :**   ****:** .****   ***.** *** :      
 
 
                        70 
                         | 
AaHIT1          ISDTRKSYCDTTIIN-- 70 
AaHIT1v17L      ISDTRKSYCDTTIIN-- 70 
AaIT            ISDTRKSYCDTTIIN-- 70 
AaHIT2          ISDTRKSYCDTPIIN-- 70 
AaHIT3          ISDTRKSYCDTPIIN-- 70 
IsomTx1         ISDTRKKYCDYTIIN-- 70 
IsomTx2         ISDTRKKYCDYTIIN-- 70 
LqqIT1v33E      ISDARKKYCDFVTIN-- 70 
LqqIT1v33D      ISDARKKYCDFVTIN-- 70 
LqhIT1-a        ISGTTKKYCDFTIIN-- 70 
LqhIT1-b        ISDTTKKYCDFTIIN-- 70 
LqhIT1-c        ISDTRKKICDTTIIN-- 70 
LqhIT1-d        ISDTRKKLCDFTLFN-- 70 
BmK IT-AP       IWDSTKNYCDVQIIDLS 72 
BmKIT1          IKDATKSYCDVQIN--- 69 
Bm32-VI         IKDATKSYCDVQIIG-- 70 
BmK IT          IKDATKSYCDVQIIN-- 70 
Bjxtr-ITv56E    MKDITKKYCDVQIIPS- 76 
Bjxtr-ITv56K    MKDITKKYCDVQIIPS- 76 
                                       :   .      * .    **        
Figure 4 Further classification of toxin sequences in Na01 into subgroups based on 
distinct primary structure patterns in their multiple sequence alignment. The first 
column shows toxin names; second column shows the toxin primary sequences; third 
column displays the peptide length. The shaded boxes highlight distinct patterns 
among sequences.  
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Figure 5 Verification of groups and subgroups by phylogenetic analysis using MEGA 
3.0. Each bootstrap number represents the percentage of 1000-bootstrap value. 
Subgroup Na01b was separated from Na01a and Na01c. Within the branch of Na01a 
and Na01c, the two BjxtrIT sequences were classified into Na01c, while BmK IT, 
BmKIT1, Bm 32 VI and Bmk ITAP were classified as Na01a. 
 
 
3.4 Results – Classification of scorpion toxin sequences 
The 393 scorpion toxin sequences were classified into 62 groups (Figure 6). 
The general distribution of scorpion toxins in the 62 groups is not significantly 
different from previous classification in the literature (Possani et al., 1999; Rodriguez 
de la Vega and Possani, 2004) except for the larger number of toxin sequences 
analysed. Some toxin sequences had been reclassified and new groups were introduced 
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for sequences which did not fit into the previous classification. As new scorpion toxin 
sequences are identified and new information is available, revision of the classification 
will be necessary. The detailed description of the 62 groups is available in Appendix 1.  
The long-chain Na+ toxins were separated from the short-chain scorpion toxins 
namely, K+, Ca2+ and Cl- except toxins in BmP09 and BeI2 groups. BmP09 shares high 
homology with Na+ toxins but has a sulfoxide at the C terminus which resulted in a 
dramatic switch from a Na+ channel blocker to a K+ channel blocker (Yao et al., 2005). 
BeI2 was misaligned with short K+ toxins. Of 393 scorpion toxins, 135 K+ toxins were 
classified into 32 groups, 222 Na+ toxins were classified into 18 groups, while eight 
Ca2+ toxins were classified into four groups (Table 3). K+ group 6 was further 
classified into three subgroups. Na+ groups 2 and 9 were classified into four subgroups 
each, Na+ group 1 into three subgroups and Na+ group 12 into two subgroups. 19 Cl- 
toxins were classified into two subgroups. Scorpine and nine scorpion toxin sequences 
with no annotated molecular target were assigned to the ‘defensin’ and ‘orphan’ 
groups, respectively. 
 
Table 3 Summary of the classified groups for 393 scorpion toxins. Kurtoxin has been 










 Defensin Orphan 
No. of groups 32 18 4 1 1 6 
No. of toxins 135 222 8 19 1 9 
 
 













































































































































































































































































































Figure 6 Phylogenetic tree of representative scorpion toxins for Na+, K+, Ca2+ and 
Cl- channels. For clarity, only 52 branches are displayed. The orphan and defensin 
groups were not included. The tree was calculated using the neighbour-joining 
algorithm.  Na+,  K+,  Ca2+ and  Cl-. The branches are labelled with toxin 
names and Swiss-Prot accession numbers except OmTx1 (Chagot et al., 2005) and 
BmP09 (Yao et al., 2005). Tree was generated using MEGA 3.0. 
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For K+ toxins, a fourth subfamily, δ-KTx was introduced for κ-toxins following 
the nomenclature for α-, β- and γ-KTx subfamilies proposed by Tytgat et al. (1999) 
(Table 4). The hairpin structure of two short helices cross-linked with two disulfides in 
the δ-KTx subfamily (Srinivasan et al., 2002b; Nirthanan et al., 2005) differs from the 
conserved 3D structures of all known scorpion toxins, comprising of double or triple 
stranded β-sheets and an α-helix maintained by two – four disulfide bridges (Possani et 
al., 1999; Possani et al., 2000). Toxins in the δ-KTx subfamily are non- or weak 
ligands of voltage-dependent potassium channels (Srinivasan et al., 2002; Nirthanan et 
al., 2005). 
Five new α-KTx subfamilies were proposed which did not fit into the expanded 
18 α-KTx subfamilies (Rodriguez de la Vega and Possani, 2004), namely BmTXKS1 
(α-KTx21), Tamulustoxins (α-KTx22), OmTX (α-KTx23), K+ channel inhibiting toxin 
(α-KTx24) and BmK38 (α-KTx25) (Figure 7). The author had reclassified Lqh15-1 
(α1.7) and PbTx3 (α1.10) in α-KTx1 subfamily into α-KTx16 and α-KTx4 subfamilies, 
respectively. Lqh15-1 shared higher sequence identity (~80%) with toxins in α-KTx16 
than α-KTx1 (<50%) and was clustered within the same clade as α-KTx16 toxins in 
the phylogenetic tree. PbTx3 shared higher sequence identity (average 50%) with α-
KTx4 toxins than those in α-KTx1 (average 40%). α-KT6 subfamily was divided into 
three subfamilies because they were separated into three clades. Tc1 (α-13.1) and 
OsK2 (α-13.2) were split into α-KTx13 and α-KTx20 because submission of each 
toxin into BLAST searches at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) did not 
return the other toxin and they were present on different clades. 
The β-KTx subfamily consists of K+ long chain toxins of 60 – 66 residues. The 
author classified BmTXKβ (β3) into β-KTx2 as it had only 21% identity with TsTXKβ 
(β1), AaTXKβ (β2) and BmTXKβ2 (β4) which form the β-KTx1 subfamily (average 
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70%). A new long chain potassium toxin, BmP09 (Yao et al., 2005) forms the β-KTx3. 
 
Table 4 Classification of 135 K+ scorpion toxin sequences. The first column shows 
subfamilies from this work. δ-KTx subfamily was introduced after α-, β- and γ-KTx 
subfamilies proposed by Tytgat et al. (1999). Second column lists the number of 
peptides in each subfamily. Third column shows the distribution of classified toxins as 
compared to that of the 18 α-KTx, 4 β-KTx and 5 γ-KTx subfamilies by Rodriguez de 
la Vega and Possani (2004). ‘New toxin’ represents the number of new toxins not 
previously included in the subfamily of Rodriguez de la Vega and Possani (2004). 




Subfamily Sequence increment 
α-KTx1 8 α-KTx1 0 
α-KTx2 9 α-KTx2 3 
α-KTx3 9 α-KTx3 0 
α-KTx4 8 α-KTx4 4 
α-KTx5 5 α-KTx5 0 
α-KTx6 (a, b, c) 12 (4, 7, 1) α-KTx6 2 
α-KTx7 2 α-KTx7 0 
α-KTx8 4 α-KTx8 0 
α-KTx9 6 α-KTx9 2 
α-KTx10 2 α-KTx10 0 
α-KTx11 3 α-KTx11 0 
α-KTx12 2 α-KTx12 1 
α-KTx13 1 α-KTx13 1 
α-KTx14 4 α-KTx14 0 
α-KTx15 7 α-KTx15 0 
α-KTx16 5 α-KTx16 2 
α-KTx17 1 α-KTx17 0 
α-KTx18 1 α-KTx18 0 
α-KTx19 1 Cai et al., 2004 0 
α-KTx20 1 α-KTx13 0 
α-KTx21 1 New 1 
α-KTx22 2 New 2 
α-KTx23 3 New 3 
α-KTx24 1 New 1 
α-KTx25 1 New 1 
    
β-KTx1 3 β1, β2, β4 0 
β-KTx2 1 β3 0 
β-KTx3 1 New 1 
    
γ-KTx1 2 γ-KTx2 1 
γ-KTx2 12 γ-KTx4 0 
γ-KTx3 14 γ-KTx1, 3, 4, 5 1 
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The author reclassified toxins targeting ether-a-go-go potassium channel 
subtype into three subfamilies: γ-KTx1 – 3 instead of five subfamilies as proposed by 
Rodriguez de la Vega and Possani (2004). Three distinct patterns were observed from 
their multiple sequence alignment (Figure 8). The γ-KTx1 consists of BeKm-1 (γ-2.1) 
and BmKK7 (Swiss-Prot id: P59938), γ-KTx2 consists of all the γ-KTx4 toxins and γ-





γ4.13       γ-KTx2   DRDSCVDKSKCGKYGYYGQCDECCK-KAGDRAGTCVYYKCKCNP----  
γ4.12                ERDSCVEKSKCGKYGYYGQCDECCK-KAGDRAGTCVYYKCKCNP----  
γ4.09                DRDSCVDKSRCGKYGYYGQCDDCCK-KAGDRAGTCVYYKCKCNP----  
γ4.10                DRDSCVDKSRCGKYGYYGQCDECCK-KAGDRAGTCVYYKCKCNP----  
γ4.11                DRDSCVDKSQCGKYGYYGQCDECCK-KAGERVGTCVYYKCKCNP----  
γ4.03                DRDSCVDKSKCGKYGYYGQCDECCK-KAGDRAGICEYYKCKCNP----  
γ4.01                DRDSCVDKSKCSKYGYYGQCDECCK-KAGDRAGNCVYFKCKCNP----  
γ4.06                DRDSCVDKSKCSKYGYYGQCDKCCK-KAGDRAGNCVYFKCKCNQ----  
γ4.07                DRDSCVDKSKCAKYGYYGQCDECCK-KAGDRAGNCVYLKCKCNQ----  
γ4.08                DRDSCVDKSKCGKYGYYHQCDECCK-KAGDRAGNCVYYKCKCNP----  
γ4.04                DRDSCVDKSKCAKYGYYYQCDECCK-KAGDRAGTCEYFKCKCNP----  
γ4.05                DRDSCVDKSQCAKYGYYYQCDECCK-KAGDRAGTCEYFKCKCNP----  
γ4.02       γ-KTx3   DRDSCVDKSKCGKYGYYQECQDCCK-NAGHNGGTCVYYKCKCNP----  
γ1.01                DRDSCVDKSRCAKYGYYQECQDCCK-NAGHNGGTCMFFKCKCA-----  
γ1.01 isoform        DRDSCVDKSRCAKYGYYQECQDCCK-NAGHNGGTQMFFKCKAP-----  
γ1.04                DRDSCVDKSRCAKYGYYQECQDCCK-KAGHNGGTCMFFKCKCA-----  
γ1.05                DRDSCVDKSRCSKYGYYQECQDCCK-KAGHNGGTCMFFKCKCA-----  
γ1.06                DRDSCVDKSRCAKYGYYQECQDCCK-KAGHSGGTCMFFKCKCA-----  
γ1.02                DRDSCVDKSRCAKYGYYQECTDCCK-KYGHNGGTCMFFKCKCA-----  
γ1.03                DRDSCVDKSRCAKYGHYQECTDCCK-KYGHNGGTCMFFKCKCA-----  
γ5.01                DRDSCVDKSRCAKYGYYGQCEVCCK-KAGHNGGTCMFFKCMCVNSKMN  
γ3.01                GRDSCVNKSRCAKYGYYSQCEVCCK-KAGHKGGTCDFFKCKCKV----  
γ3.03                DRDSCVDKSRCAKYGYYGQCEVCCK-KAGHRGGTCDFFKCKCKV----  
γ3.02                DRDSCVDKSRCAKYGYYQQCEICCK-KAGHRGGTCEFFKCKCKV----  
γ3.04                DRDSCVDKSRCQKYGNYAQCTACCK-KAGHNKGTCDFFKCKCT-----  
γ5.02                DRDSCVDKSRCQKYGPYGQCTDCCK-KAGHTGGTCIYFKCKCGAESGR  
γ2.01       γ-KTx1   -RP---TDIKCSES--Y-QCFPVCKSRFGKTNGRCVNGFCDCF-----  
BmKK7                -RP---TDIKCSAS--Y-QCFPVCKSRFGKTNGRCVNGLCDCF-----  
                 *     . :*     * :*   **:. *.  *      * .       
Figure 8 Multiple sequence alignment of γ-KTx toxins targeting ether-a-go-go K+ 
channel subtype. The first column represents the classification in Rodriguez de la Vega 
and Possani (2004); second column represents the classification in this work; third 
column represents the toxin primary sequences. Multiple sequence alignment was 
generated by Clustal W. 
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In this work, the author classified 222 Na+ scorpion toxins into 18 groups based 
on sequence similarity and ion channel specificity (Table 5). In contrast, Possani et al. 
(1999) classified 36 sequences into 10 groups based on animal species specificity and 
pharmacological properties. Information on toxicity to animal models such as insects 
(cockroach, locust), mammals (mice, rat) and crustaceans (crayfish, prawn) is limited 
in the literature. Toxin sequences in different groups proposed by Possani et al. (1999) 
shared high sequence similarity. For example, CssII, CsEv1 and Cn5 in Possani et al.’s 
groups 2, 8 and 9 shared 60 – 86% identity (Figure 9). Na+ toxins were thus classified 
based on primary structure similarity and broad ion channel specificity. This work’s 
groups 1, 2, 10 and 11 corresponded to Possani et al.’s groups 10, 3, 7 and 4 except for 
the larger number of toxin members analysed. Groups 3 – 7 and 9 contained sequences 
distributed in Possani et al.’s groups 1, 2, 5, 6, 8 and 9. Finally, new groups 8, 12 – 18 
containing scorpion toxin sequences that were dissimilar to other groups were 
introduced. Representative sequences of the 18 Na+ groups are shown in Figure 10. 
 
Toxin   Possani’s   Sequence  
CsEv1   2           KEGYLVKKSDGCKYDCFWLGKNEHCNTECKAKNQGGSYGYCYAFACWCEGLPESTPTYPLPNKSC- 
Cn5     9           KEGYLVNKSTGCKYGCLLLGKNEGCDKECKAKNQGGSYGYCYAFGCWCEGLPESTPTYPLPNKSCS 
CssII   8           KEGYLVSKSTGCKYECLKLGDNDYCLRECKQQYGKSSGGYCYAFACWCTHLYEQAVVWPLPNKTCN 
                    ******.** **** *: **.*: *  *** :   .* ******.***  * *.: .:*****:*. 
Figure 9 Multiple sequence alignment of CsEv1, Cn5 and CssII in Possani et al.’s 





Scorpion toxins targeting Ca2+ channels were classified into four groups 
(Figure 11) as they shared less than 28% sequence identity among themselves. 
Imperatoxin I from Pandinus imperator is the only scorpion toxin isolated thus far that 
exists as a heterodimer (Zamudio et al., 1997). 
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Table 5 Classification of 222 Na+ scorpion toxin sequences. The first column shows 
groups and subgroups determined in this work. Second column lists the number of 
peptides in each group or subgroup. Third column shows the distribution of classified 
toxins as compared to that of the 10 subfamilies by Possani et al. (1999). ‘New toxin’ 
represents the number of new toxins not previously included in the subfamily of 
Possani et al. (1999).  
 





Subfamily New Toxin 
1 (a, b, c) 18 (4, 12, 2) 10 15 
2 (a, b, c, d) 19 (3, 4, 7, 5) 3 18 
3 38 5, 6, 8 31 
4 5 1 3 
5 7 6 5 
6 19 1, 5 15 
7 6 1, 8 3 
8 2 New 2 
9 (a, b, c, d) 52 (6, 20, 24, 2) 2, 8, 9 42 
10 5 7 4 
11 33 4 27 
12 (a, b) 4 (3, 1) New 4 
13 1 New 1 
14 3 New 3 
15 5 New 5 
16 3 New 3 
17 1 New 1 
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3.5 Discussion and conclusions 
The author produced the first large-scale classification of 393 currently known 
scorpion toxins which include all toxins specific to Na+, K+, Ca2+ and Cl- channels. 
With a large repository of toxin sequences, a broad perspective of the general patterns 
in their structure and function can be observed. This classification eliminates a number 
of errors that resulted from analysing small sample sizes. For example, prior to 
isolation of K+ long-chain toxins of 60 – 64 residues (Legros et al., 1998), K+ toxins 
were classified as short-chain toxins of 30 – 40 residues. With this new information, 
the primary sequence structure, but not peptide length, can be used to discriminate 
between long-chain Na+ and K+ toxins. 
This classification was based on broad ion channel specificity and primary 
structure similarity because of three important reasons. First, the pharmacology of 
many of these toxins to ion channels remains to be determined. For example, to the 
author’s knowledge, the pharmacological properties of BmK 41-2 (GenBank ID: 
AF327643), AamTx (Chen et al., 2005) and AamH2 (Chen et al., 2003) have not yet 
been validated. Second, for K+ toxins, few of the peptides are selective for a given K+ 
channel subtypes, for example, charybdotoxin (Gao and Garcia, 2003), maurotoxin 
(Vissan et al., 2004) and several others block both voltage-gated and Ca2+-activated K+ 
channels. However, iberiotoxin is a selective blocker of large-conductance Ca2+-
activated K+ channel (Galvez et al., 1990) and P05 is specific to small-conductance 
Ca2+-activated K+ channel (Wu et al., 2002). Third, for Na+ toxins, information on 
toxicity to different animal models is lacking. For example, toxicity to animal models 
was not determined for the 16 peptides identified from the cloning of Centruroides 
sculpturatus Ewing venomous gland (Corona et al., 2001). Further, toxins known as 
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mammal-specific can be toxic to insects and vice versa (Gordon et al., 1996). The 
animal group specificity is only relative and definite cross-reactivity exists (Selisko et 
al., 1996). Information on cross-reactivity remains to be determined. As a result, the 
primary structure similarity and broad ion channel specificity appear to be the best 
criteria available for classification purposes in scorpion toxins. The phylogenetic 
analyses and highly accurate predictions of scorpion toxin functional properties (see 
Chapter 5) indicate that current groupings are suitable for scorpion toxin 
characterisation. 
Classification and nomenclature of bioactive toxins in animal venoms are still 
being developed – they are important pre-requisites for structural and functional 
studies. A lack of consistency in the nomenclature may led to confusion in scorpion 
toxin classification with possibility of multiple names ascribed to the same toxins 
(Goudet et al., 2002) or the same name used for different toxins (Becerril et al., 1997). 
Toxins have been named according to the order of fractions purified from the venom 
(e.g. Batista et al., 2004; Murgia et al., 2004). Currently, classification of two scorpion 
species Centruroides exilicauda Wood and Centruroides sculpturatus Ewing remain to 
be resolved (Valdez-Cruz et al., 2004b) where definition of species, genera, families 
and others is often subjective. A detailed classification based on structure-function 
relationships will provide a convenient solution to the naming of the toxins. 
The author proposed new classification groups for scorpion toxin sequences 
that have not been classified, reflecting the diversity of different toxins available in the 
natural library of scorpion venoms. With the growth of number of newly identified 
scorpion toxins, the view of the structure-function relationships is constantly changing. 
It is important to note that this present large-scale classification of 393 different toxins 
in this work relates to current knowledge of the field. In the future, it is expected that 
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revision of classification will be necessary as more information becomes available. 
This classification approach, as a generic tool, can be applied to large-scale 
classification of other bioactive toxins and families of bioactive peptides. 
 
Chapter summary 
• Large-scale classification of all known scorpion toxins provides a global 
overview on their structure-function relationships, aids functional inference of 
novel scorpion toxins and facilitates retrieval of relevant biological information 
from large number of toxin data. 
• In this work, 393 currently known scorpion toxins have been classified into 62 
groups based on ion channel specificity and primary sequence similarity, 
combined with multiple sequence alignments and phylogenetic analyses. 14 
new classification groups were proposed for scorpion toxin sequences that have 
not been classified. 
• In the future, the present classification is expected to be revised to incorporate 
novel scorpion toxin sequences identified and new information made available. 
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Part II: Chapter 4 Extraction of functional peptide motifs 





‘Many of life's failures are people who did 
not realise how close they were to success 
when they gave up.’ 
 
Thomas Edison 
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Newly identified scorpion toxins are deposited in public databases which provide 
limited functional annotation. To aid experimental characterisation of these toxins, 
function is inferred from identification of similar characterised sequences by pairwise 
alignment, such as using BLAST (Altschul et al., 1997) or FASTA (Pearson, 2000) 
tools. However, there are known cases where similar structures do not necessary imply 
functional similarity. The highly similar sequences may differ in function from the 
characterised sequences where even variation at a critical functional residue can 
markedly affects the activity of a protein. For example, scorpion toxins Ikitoxin and 
Birtoxin differ by only one residue at position 23, where Ikitoxin has glutamate instead 
of glycine, resulting in Ikitoxin having 1000-fold reduced activity than Birtoxin 
(Inceoglu et al., 2002). Pairwise alignment does not differentiate critical functional 
residues (e.g. an active site) from residues with no critical role (Hulo et al., 2004). 
Another approach to the inference of function involves searching sequence signature 
databases such as PROSITE (Hulo et al., 2004) or PRINTS (Attwood et al., 2003) for 
conserved motifs which usually relate to structural or functional meaning. These 
motifs were derived statistically from multiple sequence alignments of protein 
sequences that form a family. For example, the scorpion short toxins signature, C-x(3)-
C-x(6,9)-[GAS]-K-C-[IMQT]-x(3)-C-x-C, has been deposited in PROSITE (accession 
ID: PS01138). However, the motifs that were derived statistically are not necessarily 
biologically relevant. 
Mutation studies of scorpion toxins (such as site-directed mutagenesis and 
chemical modification) have identified critical residues important for both structural 
and functional properties (e.g. Cohen et al., 2005; Legros et al., 2005). The mutation 
data which provide biologically relevant information on critical residue and position 
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are available in the literature and normally are not used for extraction of functional 
motifs in scorpion toxins. Additionally, analyses of 3D structures of toxins can aid 
identification of the motif where non-contiguous residues in the primary sequence 
cluster spatially. Herewith, a set of scorpion toxin motifs extracted from analyses of 
multiple sequence alignment of classified scorpion native toxin sequences, 3D 
structures and information from mutation studies was described (Tan et al., 2006a). 
This is the first report of eight functionally relevant binding motifs to Na+ and 
K+ channels which can facilitate the determination of specificity of newly identified 
scorpion toxins to various ion channel subtypes. Also, these motifs can help in 
detection of distant relationships between toxin sequences which may be overlooked in 
pairwise alignment analysis.  
 
4.1 Materials and Methods 
Literature on mutation studies of scorpion toxins were searched in the PubMed 
database (http://www.pubmed.gov/) using keywords such as ‘scorpion toxin’ and 
‘mutation’. Data of scorpion mutant toxins and information of mutation on toxin 
function were extracted from the literature and deposited into the SCORPION2 
database. The positions and residue identities of mutation were noted. Effects of 
mutation on binding affinity were scaled to a common scale for comparison. Mutations 
that affected toxin function by more than 10-fold were defined as important residues. 
These residues were then compared to multiple sequence alignment of classified 
groups of native toxins (discussed in Section 3.3) to verify possible conservation of 
residues. The spatial organisation of the residues important for structure and function 
was determined from 3D structure analysis and mapped onto the native toxin primary 
sequences for extraction of motifs. 
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4.1.1 Scaling of binding affinities to a common scale in mutant toxin data 
Binding affinity data from mutation studies were extracted from the literature 
and scaled to a common scale for comparison (Equation 1). Only K+ and Na+ binding 
affinity data were mapped because no binding affinity data was available for Cl- toxins 
and only a set of five binding affinity measurements was available for Ca2+ toxins. 
Within K+ and Na+ groups, eight binding categories were defined for each group, 
namely of 1) Non-binding 2) Very low binding 3) Low binding 4) Moderately low 
binding 5) Moderate binding 6) Moderately high binding 7) High binding, and 8) Very 
high binding. The highest binding affinity data observed for K+ and Na+ were 0.08 pM 
(Koschak et al., 1998) and 4 pM (Hassani et al., 1999), respectively. The lowest limit 
for both K+ and Na+ was set at 10,000 nM because any concentration higher than this 
would mean the toxin is a non-binder to the ion channel.  
 
Equation 1 Formula for scaling binding affinities of independent experiments to a 
common scale. log10 represents the common base 10 logarithm, x  is the value of the 
binding affinity to be scaled. The highest binding affinity values were observed for 
each ion channel from independent binding experiments. The lowest binding affinity 























4.1.2 Data analysis 
Mutations that affected structural folding, as detected by circular dichroism 
spectroscopy, were annotated as important to structural integrity. Mutations that 
affected binding affinity and toxicity by more than 10- and 100-fold as compared to 
native toxins were termed as ‘influential’ and ‘critical’, respectively. Multiple 
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sequence alignments of native toxins targeting the same ion channel subtype as the 
mutant toxins were performed using Clustal W (Thompson et al., 1994). These 
‘influential’ and ‘critical’ residues were then compared to the multiple sequence 
alignment of native toxins to verify possible conservation of residues. The spatial 
organisation of the residues important for structure and function was visualised using 
Molsoft (http://www.molsoft.com/) and mapped onto the native toxin primary 
sequences for extraction of motifs. The motifs are represented as used in PROSITE 
database (Hulo et al., 2004). To test the relevance of these motifs, each was searched 
in Swiss-Prot (release 48.0) and TrEMBL (release 31.0) databases using ScanProsite 
(Gattiker et al., 2002) to scan for protein sequences containing the motif. 
 
4.2 Results and discussion 
In SCORPION2, a total of 426 scorpion mutant toxin records were extracted 
from 72 literature sources on mutation studies of scorpion toxins (as of November 
2005). Scaling binding affinities of scorpion mutant toxins to a common logarithmic 
scale is useful for comparing effects of mutation on function. An example is shown in 
Figure 12, where Agitoxin 2 targets Shaker K+ channel at moderate range after 
mapping to the common scale (Kd = 0.741 nM) (Ranganathan et al., 1996). Mutation 
study on Agitoxin 2 suggested that K27 and N30 are critical for binding affinity 
towards this channel (>600-fold reduced binding affinity as compared to that of native 
Agitoxin 2), while S11, R24, F25, M29 and T36 influence the ligand-channel 
interaction (>10-fold but <100-fold reduction), and T9, G10, R31, K32, H34 and P37 
can be substituted without significant effect on binding affinity (<10-fold reduction) 
(Ranganathan et al., 1996). 
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The author extracted eight new motifs from analyses of native scorpion toxin 
sequences, 3D structures and mutation studies of Na+ (four motifs) and K+ (four 
motifs) toxins (Table 6). These motifs are highly specific to scorpion toxins where all 
the sequences returned by ScanProsite (Gattiker et al., 2002) were of scorpions i.e. no 
false positives were extracted. Further, these motifs can be used to search 
uncharacterised scorpion toxin sequences for inference of their specificities to different 




Figure 12 Scaling binding affinities of Agitoxin 2 and its mutant sequences for 
analysis of residues important for interaction with Shaker K+ channel. Native Agitoxin 
2 binds moderately to Shaker K+ channel. Mutations at positions 9, 10, 31, 32, 34 and 
37 did not affect binding affinity significantly (<7-fold). However, mutations at 
positions 11, 24, 25, 29 and 36 resulted in moderately low affinities. Further, mutations 
of lysine and asparagine to methionine and alanine at positions 27 and 30 respectively 
resulted in low affinities towards the channel. This suggests that lysine and asparagine 
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4.2.1 Chloride channel motif 
In PROSITE document of scorpion short toxins signature (PDOC00875), Cl- 
toxins was annotated as having the pattern, C-x(3)-C-x(6,9)-[GAS]-K-C-[IMQT]-x(3)-
C-x-C. However, the motif that the author extracted based on conservation of residues 
among 18 Cl- toxins was C-x-P-C-F-T-x(8)-C-x(2)-C-C-x(5,7)-C-x(2,3)-Q-C-[LI]-C 
(Figure 13). The conserved cysteine pattern in Cl- toxins is different from that reported 
in the PROSITE document. This conserved cysteine pattern is distinct from those 
observed in Na+ and K+ toxins and can be used to differentiate Cl- toxins from the 
other toxins.  
 Cl- toxins adopt the cysteine-stabilised α-helix (CSH) fold commonly observed 
in scorpion toxins and the conserved residues are clustered spatially at the β-sheets and 
loop surfaces (Figure 14). Since these 18 toxins shared 48 – 100% identity and their 
3D foldings are conserved, this cluster could form the putative interaction site in Cl- 
toxins. Mutation performed on these conserved residues would clarify their roles in 
function and structure.  
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                1       10        20        30             
                |        |         |         |       
D000104         MCMPCFTTDPNMAKKCRDCCGGNGK--CFGPQCLCNR-- 35 
D000206         MCMPCFTTDHNMAKKCRDCCGGNGK--CFGPQCLCNR-- 35 
D000207         MCMPCFTTDPNMANKCRDCCGGGKK--CFGPQCLCNR-- 35 
D000154         -CGPCFTTDANMARKCRECCGGIGK--CFGPQCLCNRI- 35 
D000615         -CGPCFTTDANMARKCRECCGGNGK--CFGPQCLCNRE- 35 
D000106         MCMPCFTTDHQMARKCDDCCGGKGRGKCYGPQCLCR--- 36 
D000237         MCMPCFTTDHQMARKCDDCCGGKGRGKCYGPQCLCRG-- 37 
D000205         MCMPCFTTDHQTARRCRDCCGGRGR-KCFG-QCLCGYD- 36 
D000110         MCMPCFTTRPDMAQQCRACCKGRGK--CFGPQCLCGYD- 36 
D000111         -CGPCFTTDPYTESKCATCCGGRGK--CVGPQCLCNRI- 35 
D000171         -CGPCFTKDPETEKKCATCCGGIGR--CFGPQCLCNRGY 36 
D000238         -CGPCFTTDHQTEQKCAECCGGIGK--CYGPQCLC-RG- 34 
D000239         -CGPCFTTDRQMEQKCAECCGGIGK--CYGPQCLC-RG- 34 
D000240         -CGPCFTTDHQTEQKCAECCGGIGK--CYGPQCLCNRG- 35 
D000105         RCSPCFTTDQQMTKKCYDCCGGKGKGKCYGPQCICAPY- 38 
D000109         RCKPCFTTDPQMSKKCADCCGGKGKGKCYGPQCLC---- 35 
D000140         RCGPCFTTDPQTQAKCSECCGRKG-GVCKGPQCICGIQ- 37 
D000629         RCPPCFTTNPNMEADCRKCCGGRGY--CASYQCICPGG- 36 
                 * ****.       *  **       * . **:*   
Figure 13 Conserved residues of 18 Cl- specific scorpion toxins are C-x-P-C-F-T-
x(8)-C-x(2)-C-C-x(5-7)-C-x(2-3)-Q-C-[LI]-C. The first column represents the record 
accession number found in the SCORPION2 database; second column represents the 
toxin primary sequences; third column represents the peptide length. Multiple 




Figure 14 Scorpion toxins specific for Cl- channel adopt the cysteine-stabilised α-helix 
fold where the β-sheets and α-helix are connected by three disulfide bonds. The fourth 
disulfide bond is formed between the β-sheet and the loop. A) Superimposition of 
chlorotoxin (PDB: 1CHL, grey) and insectotoxin I5A (PDB: 1SIS, red) with root-
mean-square distance (rmsd) = 2.00 Å demonstrated that 3D foldings are conserved. 
B) The conserved residues among 18 Cl- toxins are P4, F6, T7, Q32 and L34 
(numbered as in chlorotoxin) where they are clustered spatially at the β-sheets and the 
preceding loop.  
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4.2.2 Sodium channels – β-excitatory motif 
Inclusion of mutation studies in the analyses of conserved residues helps 
determine their importance for structure and function of toxin peptides. For example, 
in Na+ β-excitatory toxins, the conserved residues are: 
KKxGxxxDxxGKxxECx(4,9)YCxxxCTKVxYAxxGYCCxxxCYCxGLxDDKx(9)Kx
xCD (Figure 15). Mutation studies of Bjxtr-IT (Cohen et al., 2004; Karbat et al., 
2004a) demonstrated that toxicity to insects and binding affinity to insect Na+ channels 
as compared to that of wild type Bjxtr-IT were mildly affected (<7-fold) for K1, K2, 
T32, D54, D55, K56, K66 and D70 (shown in bold). However, mutations at D8, K12, 
Y26, K33 and V34 strongly affected binding affinity, ranging from 12 to >10,000-fold 
reduction in binding affinity. Thus, different conserved residues play different roles in 
function and structure of scorpion toxins. Further, when negative-charged E15 was 
mutated to positive-charged arginine, toxicity to insects was severely affected 
(>10,000-fold) but not binding affinity (<7-fold). This suggests that negative-charged 
E15 is involved in toxic action. 
Another residue important for toxicity and binding affinity is glutamate at 
position 30 in the multiple sequence alignment of β-excitatory toxins (Figure 15). 
Residues are not conserved at position 30 because glutamine, isoleucine and 
asparagine were also observed. Mutation of E30 to glutamine, leucine, arginine and 
even conservative substitution to aspartate caused reduction of more than 8-fold in 
toxicity and 43-fold in binding affinity. Without mutant data, this position and residue 
identity (negative-charged and hydrophilic), which is important for function, would be 
overlooked. Thus, by incorporation of mutation information, the functional motif of β-
excitatory toxins to insect Na+ channels can be summarised as G-x(3)-D-x-x-G-K-x-x-
E-C-x(4,9)-Y-C-x-x-E-C-x-K-V-x-Y-A-x-x-G-Y-C-C-x(3)-C-Y-C-x-G-L-x(16)-C 
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where E is important for toxicity to insects. These functional residues are clustered 




                1       10        20        30        40        50        60 
                |        |         |         |         |         |         |      
D000004         KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000137         KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000125         KKNGYAVDSSGKAPEC-----LLSNYCNNQCTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000005         KKNGYAVDSSGKAPEC-----LLSNYCYNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000139         KKDGYAVDSSGKAPEC-----LLSNYCYNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000824         KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLSDDKKVLE 55 
D000825         KKNGYAVDSSGKAPEC-----LLSNYCNNECTKVHYADKGYCCLLSCYCFGLSDDKKVLD 55 
D000006         KKNGYAVDSSGKAPEC-----LLSNYCYNECTKVHYADKGYCCLLSCYCVGLSDDKKVLE 55 
D000007         KKNGYAVDSSGKAPEC-----LLSNYCYNECTKVHYAEKGYCCLLSCYCVGLSDDKKVLE 55 
D000233         KKNGYAVDSKGKAPEC-----FLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000234         KKNGYAVDSKGKAPEC-----FLSNYCNNECTKVHYADKGYCCLLSCYCFGLNDDKKVLE 55 
D000235         KKNGYAVDSKGKAPEC-----FFSNYCNNECTKVHYAEKGYCCLLSCYCVGLNDDKKVME 55 
D000236         KKNGFAVDSNGKAPEC-----FFDHYCNSECTKVYYAEKGYCCTLSCYCVGLDDDKKVLD 55 
D000165         KKNGYAVDSSGKVAEC-----LFNNYCNNECTKVYYADKGYCCLLKCYCFGLADDKPVLD 55 
D000003         KKNGYAVDSSGKVSEC-----LLNNYCNNICTKVYYATSGYCCLLSCYCFGLDDDKAVLK 55 
D000136         KKNGYAVDSSGKVSEC-----LLNNYCNNICTKVYYATSGYCCLLSCYCFGLDDDKAVLK 55 
D000184         KKNGYAVDSSGKVSEC-----LLNNYCNINCTKVYYATSGYCCLLSCYCFGLDDDKAVLK 55 
D000001         KKNGYPLDRNGKTTECSGVNAIAPHYCNSECTKVYYAESGYCCWGACYCFGLEDDKPIGP 60 
D000002         KKNGYPLDRNGKTTECSGVNAIAPHYCNSECTKVYYAKSGYCCWGACYCFGLEDDKPIGP 60 
                **:*:.:* .**..**     :  :**   ****:** .****   ***.** *** :   
 
 
                        70   
                         | 
D000004         ISDTRKSYCDTTIIN-- 70 
D000137         ISDTRKSYCDTTIIN-- 70 
D000125         ISDTRKSYCDTTIIN-- 70 
D000005         ISDTRKSYCDTPIIN-- 70 
D000139         ISDTRKSYCDTPIIN-- 70 
D000824         ISDTRKKYCDYTIIN-- 70 
D000825         ISDTRKKYCDYTIIN-- 70 
D000006         ISDARKKYCDFVTIN-- 70 
D000007         ISDARKKYCDFVTIN-- 70 
D000233         ISGTTKKYCDFTIIN-- 70 
D000234         ISDTTKKYCDFTIIN-- 70 
D000235         ISDTRKKICDTTIIN-- 70 
D000236         ISDTRKKLCDFTLFN-- 70 
D000165         IWDSTKNYCDVQIIDLS 72 
D000003         IKDATKSYCDVQIN--- 69 
D000136         IKDATKSYCDVQIIG-- 70 
D000184         IKDATKSYCDVQIIN-- 70 
D000001         MKDITKKYCDVQIIPS- 76 
D000002         MKDITKKYCDVQIIPS- 76 
                                       :   .      * .    **        
Figure 15 Conserved residues of 19 Na+ β-excitatory toxins are 
KKxGxxxDxxGKxxECx(4,9)YCxxxCTKVxYAxxGYCCxxxCYCxGLxDDKx(9)Kxx
CD where x represents any residue and number(s) in parenthesis represents the number 
of intervening residues. Multiple sequence alignment was generated by Clustal W. The 
first column represents the record accession number found in the SCORPION2 
database; second column represents the toxin primary sequences; third column 
represents the peptide length. Mutation studies were performed on Bjxtr-IT 
(D000001). 
Chapter 4: Analysis of scorpion toxin data 
 60 
 
Figure 16 Functional motif of β-excitatory toxins represented by Bjxtr-IT (PDB: 
1BCG). Only residues that affected binding affinity and toxicity determined in 
mutation studies are displayed: D8, K12, E15, Y26, E30, K33 and V34. These are 
clustered spatially at one surface of Bjxtr-IT. 
 
 
4.2.3 Sodium channels – β-mammal motif 
In β-mammal specific toxins, the conserved residues in this group are 
KxGYxVx(4)GCKxxCxxLGxNxxCxxECx(9)GYCYxFxCxCxxLx(7)PLxxKxC 
(Figure 17). Mutation studies of Css 4 (Cohen et al., 2005) demonstrated that mutation 
of K13 and P61 (shown in bold) did not affect binding affinity to mammal sodium 
channels significantly (≤2-fold). Y4, W47 and K63 are involved in structural integrity 
– their mutations to alanine disrupted secondary structures. Substitution of N22, Y40, 
Y42 and F44 to alanine resulted in 600-fold reduction of binding affinity while L19 to 
alanine resulted in 150-fold reduction in binding affinity to mammal sodium channels. 
This suggests different positions in the toxin sequence are more important in binding 
affinity than others. Information such as the physicochemical properties of functional 
residues can also be obtained from mutation studies. For example, a stronger reduction 
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on binding affinity was obtained upon charge inversion of E28 to arginine (900-fold) 
than charge neutralising substitutions to alanine (600-fold), glutamine (400-fold) and 
leucine (50-fold). The functional motif for β-mammal specific toxins can be 
summarised as K-x-G-Y-x-V-x(4)-G-C-x(3)-C-x-x-L-G-x-N-x-x-C-x-x-E-C-x(9)-G-
Y-C-Y-x-F-x-C[WY]-C-x-x-L-x(8)-L-x-x-K-x-C. The 3D structure of Css 4 was 
modeled with template 1CN2 where the sequence identity between target and template 






1       10        20        30        40        50        60 
                |        |         |         |         |         |         |  
D000181         KEGYLVNSYTGCKFECFKLGDNDYCLRECRQQYGKGSGGYCYAFGCWCTHLYEQAVVWPL 60 
D000182         KEGYLVNSYTGCKFECFKLGDNDYCKRECKQQYGKSSGGYCYAFGCWCTHLYEQAVVWPL 60 
D000176         KEGYLVNHSTGCKYECYKLGDNDYCLRECKQQYGKGAGGYCYAFGCWCTHLYEQAVVWPL 60 
D000177         KEGYLVNHSTGCKYECFKLGDNDYCLRECKQQYGKGAGGYCYAFGCWCNHLYEQAVVWPL 60 
D000057         KEGYIVNLSTGCKYECYKLGDNDYCLRECKQQYGKGAGGYCYAFGCWCTHLYEQAVVWPL 60 
D000056         KEGYLVNHSTGCKYECFKLGDNDYCLRECRQQYGKGAGGYCYAFGCWCTHLYEQAVVWPL 60 
D000041         KEGYLVDKNTGCKYECLKLGDNDYCLRECKQQYGKGAGGYCYAFACWCTHLYEQAIVWPL 60 
D000051         KEGYLVSKSTGCKYECLKLGDNDYCLRECKQQYGKSSGGYCYAFACWCTHLYEQAVVWPL 60 
D000054         KEGYLVELGTGCKYECFKLGDNDYCLRECKARYGKGAGGYCYAFGCWCTQLYEQAVVWPL 60 
D000052         KEGYLVKKSDGCKYGCLKLGENEGCDTECKAKNQGGSYGYCYAFACWCEGLPESTPTYPL 60 
D000058         KEGYLVNKSTGCKYGCLKLGENEGCDKECKAKNQGGSYGYCYAFACWCEGLPESTPTYPL 60 
D000053         KEGYLVNKSTGCKYGCFWLGKNENCDKECKAKNQGGSYGYCYSFACWCEGLPESTPTYPL 60 
D000035         KDGYLVEK-TGCKKTCYKLGENDFCNRECKWKHIGGSYGYCYGFGCYCEGLPDSTQTWPL 59 
                *:**:*.   ***  *  **.*: *  **: :   .: ****.*.*:*  * :.: .:** 
 
D000181         PNKTCN 66 
D000182         PNKTCN 66 
D000176         PKKTCN 66 
D000177         PKKTCN 66 
D000057         PKKTCT 66 
D000056         PNKTCS 66 
D000041         PNKRCS 66 
D000051         PNKTCN 66 
D000054         KNKTCR 66 
D000052         PNKSC- 65 
D000058         PNKSCS 66 
D000053         PNKSCS 66 
D000035         PNKTC- 64 
                 :* *  
 
Figure 17 Conserved residues of 13 experimentally determined β-mammal toxins are 
KxGYxVx(4)GCKxxCxxLGxNxxCxxECx(9)GYCYxFxCxCxxLx(7)PLxxKxC where 
x represents any residue and number(s) in parenthesis represents the number of 
intervening residues. Multiple sequence alignment was generated by Clustal W. The 
first column represents the record accession number found in the SCORPION2 
database; second column represents the toxin primary sequences; third column 
represents the peptide length. Mutation studies were performed on Css 4 (D000181). 
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Figure 18 The functional residues of Css 4, a β-mammal toxin, are clustered spatially 
at one surface of the molecule. Only residues that had mutant information are shown. 
This is a homology model built from the template, 1CN2 which have sequence identity 
of 83% with Css 4. 
 
 
4.2.4 Sodium channels – α-motif 
In α-toxins, the motif extracted from 14 experimentally determined α-toxins is 
R-D-x-Y-I-x(4)-N-C-x-Y-x-C-x(5,7)-C-N-x-x-C-T-x-x-G-A-x(3,4)-Y-C-x(6)-G-N-x-
C-x-C-x-x-L-P-x(4)-I-x(4,5)-[KR]-C-[HR]. Mutation studies of Lqh αIT (Zilberberg et 
al., 1997; Karbat et al., 2004b) showed that residues at positions 15, 25, 28, 56 and 54 
(as in Lqh αIT) can be mutated to alanine without significant effect on binding affinity 
to insect Na+ channels (<2-fold reduction), which correlated well with the observation 
that there is no conservation of residues at these positions (Figure 19). Conserved N44 
is involved in structural and functional integrity because mutation to alanine disrupted 
the secondary structures and reduced binding affinity by 31-fold (Figure 20). Mutation 
of I57 to alanine and threonine caused more than 92-fold reduction in binding affinity. 
Positively charged residues at position 62 and 64 were essential to binding affinity as 
mutation to the neutral alanine resulted in more than 50-fold reduction of peptide 
binding. 
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1       10        20        30        40        50        60 
                |        |         |         |         |         |         |  
D000025         VRDAYIAKNYNCVYECFRD--AYCNELCTKNGASSG-YCQWAGKYGNACWCYALPDNVPI 57 
D000029         VRDAYIAKNYNCVYECFRD--SYCNDLCTKNGASSG-YCQWAGKYGNACWCYALPDNVPI 57 
D000030         VRDAYIAQNYNCVYFCMKD--DYCNDLCTKNGASSG-YCQWAGKYGNACWCYALPDNVPI 57 
D000040         VRDAYIAKPENCVYHCATN--EGCNKLCTDNGAESG-YCQWGGRYGNACWCIKLPDRVPI 57 
D000042         VRDAYIAKPENCVYECATN--EYCNKLCTDNGAESG-YCQWVGRYGNACXCIKLPDRVPI 57 
D000037         VRDAYIAKPENCVYECGIT--QDCNKLCTENGAESG-YCQWGGKYGNACWCIKLPDSVPI 57 
D000038         VRDAYIAKPHNCVYECARN--EYCNDLCTKNGAKSG-YCQWVGKYGNGCWCIELPDNVPI 57 
D000634         VRDGYIALPHNCAYGCLNN--EYCNNLCTKDGAKIG-YCNIVGKYGNACWCIQLPDNVPI 57 
D000045         ARDAYIAKPHNCVYECYNPKGSYCNDLCTENGAESG-YCQILGKYGNACWCIQLPDNVPI 59 
D000028         GRDAYIAQPENCVYECAKN--SYCNDLCTKNGAKSG-YCQWLGRWGNACYCIDLPDKVPI 57 
D000068         GRDAYIAQPENCVYECAQN--SYCNDLCTKNGATSG-YCQWLGKYGNACWCKDLPDNVPI 57 
D000031         GRDAYIADSENCTYTCALN--PYCNDLCTKNGAKSG-YCQWAGRYGNACWCIDLPDKVPI 57 
D000047         GRDAYIADSENCTYFCGSN--PYCNDVCTENGAKSG-YCQWAGRYGNACYCIDLPASERI 57 
D000027         ERDGYIVQLHNCVYHCGLN--PYCNGLCTKNGATSGSYCQWMTKWGNACYCYALPDKVPI 58 
                 **.**.   **.* *       ** :**.:**  * **:   ::**.* *  **    * 
 
D000025         R-VPGKCHRK 66 
D000029         R-VPGKCH-- 64 
D000030         R-IPGKCHS- 65 
D000040         R-VPGKCHR- 65 
D000042         R-VWGKCHG- 65 
D000037         R-VPGKCQR- 65 
D000038         R-VPGKCHR- 65 
D000634         R-VPGRCHPA 66 
D000045         R-IPGKCH-- 66 
D000028         R-IEGKCHF- 65 
D000068         R-IPGKCHF- 65 
D000031         R-ISGSCR-- 64 
D000047         K-EPGKCG-- 64 
D000027         KWLDPKCY-- 66 
                :     *    
Figure 19 Conserved residues of 14 experimentally determined α-toxins are 
RDxYIx(4)NCxYxCx(5,7)CNxxCTxxGAxxGYCx(6)GNxCxCxxLPx(4)Ix(5,6)C 
where x represents any residue and number(s) in parenthesis represents the number of 
intervening residues. Multiple sequence alignment was generated by Clustal W. The 
first column represents the record accession number found in the SCORPION2 
database; second column represents the toxin primary sequences; third column 




Figure 20 Functional and structural residues of Lqh αIT (PDB: 1LQH), an α-toxin. 
N45 is involved in structural and functional integrity. I58, K63 and R65 are important 
for binding affinity towards insect Na+ channel. 
Chapter 4: Analysis of scorpion toxin data 
 64 
4.2.5 Sodium channels – α-like motif 
The motif for α-like toxins is R-D-x-Y-I-A-x(3)-N-C-x(3)-C-x(3,6)-C-x-x-L-C-
x(3)-G-x(3)-G-x-C-x(6)-G-x-x-C-W-C-x-x-L-P-x-x-V-x-I-x(3)-G-K-C-H. The site-
directed mutagenesis of BmK M1 (Sun et al., 2003; Wang et al., 2003) highlighted the 
importance of four residues important for function and structure in α-like toxins 
(Figure 21). Mutations at Y5 and N11 disrupted the secondary structures as measured 
by circular dichroism spectroscopy, suggesting their role in maintaining structural 
integrity. This is corroborated by the crystal structure of BmK M1 where N11 forms 
hydrogen bonds with residues 58 and 59 (He et al., 1999). Positive charged at 
positions 62 and 64 is important for binding affinity to insect Na+ channel where 
negative-charged residues (D and E) resulted in more than 167-fold reduction. 
Mutation of conserved P9 did not significantly affect function (two-fold reduction in 





Figure 21 Functional and structural residues of BmK M1 (PDB: 1DJT), an α-like 
toxin as determined by mutation studies. Y5 and N11 are involved in structural 
integrity where N11 forms hydrogen bonds with R58 and V59. K62 and H64 are 
important for binding affinity towards insect Na+ channel. 
 
Chapter 4: Analysis of scorpion toxin data 
 65 
1       10        20        30        40        50        60 
                |        |         |         |         |         |         |  
D000621         VRDGYIAQPENCVYHCIP---DCDTLCKDNGGTGGHCGFKLGHGIACWCNALPDNVGIIV 57 
D000622         VRDGYIAKPENCAHHCFPGSSGCDTLCKENGGTGGHCGFKVGHGTACWCNALPDKVGIIV 60 
D000073         VRDGYIAQPENCVYHCFPGSSGCDTLCKEKGGTSGHCGFKVGHGLACWCNALPDNVGIIV 60 
D000077         GRDGYIAQPENCVYHCFPGSSGCDTLCKEKGATSGHCGFLPGSGVACWCDNLPNKVPIVV 60 
D000038         VRDAYIAKPHNCVYECAR-NEYCNDLCTKNGAKSGYCQWVGKYGNGCWCIELPDNVPIRV 59 
D000143         GRDAYIAQPENCVYECAK-NSYCNDLCTKNGAKSGYCQWLGKYGNACWCEDLPDNVPIRI 59 
D000634         VRDGYIALPHNCAYGCLN-NEYCNNLCTKDGAKIGYCNIVGKYGNACWCIQLPDNVPIRV 59 
D000126         VRDAYIAKPENCVYHCAG-NEGCNKLCTDNGAESGYCQWGGRYGNACWCIKLPDDVPIRV 59 
                 **.*** *.**.: *      *: **...*.  *:*      * .***  **:.* * : 
           
D000621         DGVKCHK- 64 
D000622         DGVKCH-- 66 
D000073         EGEKCHS- 67 
D000077         GGEKCH-- 66 
D000038         PG-KCHR- 65 
D000143         PG-KCHF- 65 
D000634         PG-RCHPA 66 
D000126         PG-KCHR- 65 
                 * :**   
 
Figure 22 Conserved residues of eight experimentally determined α-like toxins are 
RDxYIAxPxNCxxxCx(3,5,6)CxxLCxxxGxxxGxCx(6)GxxCWCxxLPxxVxIx(3)GKC
H, where x represents any residue and the number in parenthesis represents the number 
of intervening residues. Multiple sequence alignment was generated by Clustal W. The 
first column represents the record accession number found in the SCORPION2 
database; second column represents the toxin primary sequences; third column 
represents the peptide length. Mutation studies were performed on BmK M1 
(D000038). 
 
From the analysis of 222 aligned Na+ native toxin sequences, a conserved 
tyrosine was observed at the N-terminal (data not shown) where mutation studies 
suggest its involvement in maintaining the structural folds of the toxins (Wang et al., 
2003; Cohen et al., 2005). Also, a tyrosine is conserved at one position before the 
fourth cysteine in excitatory toxins and the fifth cysteine in the rest of Na+ toxins 
which is involved in structure and function of Na+ toxins (Sun et al., 2003). In binding 
studies, the α and α-like toxins compete to bind at receptor site 3 of insect Na+ 
channels (Gilles et al., 1999), which could explain the similarity of positive residues 
observed in these toxins at the C-terminal that are involved in binding affinity. In β 
toxins, the presence of glutamate before the third cysteine in excitatory toxins and 
fourth cysteine in the rest is conserved which is important for binding affinity (Cohen 
et al., 2005). The difference observed between both α (include α-like toxins) and β 
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toxins is that α toxins have an asparagine before the first cysteine but glycine is 
observed at this position instead in β toxins. Mutation in BmK M1 suggested 
asparagine was involved in folding (Wang et al., 2003). There is a need for more 
mutation studies performed on other Na+ toxins and other positions in the toxin 
sequences to determine their structure-function relationships. 
 
4.2.6 Potassium channel subtype – Ether-a-go-go-related K
+
 channel motif 
Scorpion toxins target various K+ channel subtypes with different specificities. 
In ether-a-go-go-related gene K+ (ERG) channel subtype, residues that are important 
for binding of BeKm-1 to the ERG channel had been identified by mutagenesis 
(Korolkova et al., 2002). Y11, K18, R20 and K23 were critical to binding while F21 
and R27 were involved in structural folding. The functional residues were located on 
the α-helix and the following loop (Figure 23). The recognition motif for ERG subtype 
can be expressed as C-x(3)-Y-x-C-x(3)-C-K-x-R-F-x-K-x(3)-R-C-x(4)-C-x-C.  
 
1        10        20        30 
|        |         |         |     
             RPTDIKCSESYQCFPVCKSRFGKTNGRCVNGFCDCF 
Figure 23 Mutagenesis study of BeKm-1 identified Y11, K18, R20 and K23 (in bold) 
were important for binding to human ERG channel. F21 and R27 were involved in 
structural folding. 
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The ERG functional surface is similarly shared by scorpion toxins that target 
small conductance Ca2+-activated K+ channels (SKCa). Mutagenesis of leiurotoxin and 
P05 identified two positions, 6 and 7, as important for binding to this subtype (Sabatier 
et al., 1993; Sabatier et al., 1994; Shakkottai et al., 2001; Wu et al., 2002) (Figure 
24A). However, the Ts-κ which also targets this subtype has two known functional 
residues, R6 and R9, located outside the α-helix structure (Lecomte et al., 1999) 
(Figure 24B). Though the positions of the functional residues are not spatially 
conserved, the residue identity required to bind to SKCa was positive-charged arginine 
where mutation to hydrophobic leucine and even conservative substitution to lysine 





Figure 24 Functional residues of scorpion toxins targeting small conductance Ca2+-
activated K+ channels. A) Superimposition of leiurotoxin (PDB: 1SCY, red) and P05 
(PDB: 1PNH, grey) with rmsd = 1.57 Å. The two functional residues, R and (R/M) 
extend from the α helix. B) The two functional residues, R6 and R9 in Ts-κ (PDB: 
1TSK) were located outside the α helical structure. 
A) B) 
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channel and voltage-dependent K
+
 channel motifs 
For scorpion toxins that bind to voltage-dependent K+ channels (KV), Goldstein 
and Miller (1993) had demonstrated that lysine at position 27 in charybdotoxin from 
Leiurus quinquestriatus hebraeus physically occlude the pore of this subtype, thus 
preventing the flow of K+ ions. This functional residue, lysine and an aromatic residue 
(tyrosine or phenylalanine) separated by 6.6 ± 1.0 Å formed the functional dyad that 
target KV channels (Dauplais et al., 1997). In addition, mutagenesis of charybdotoxin 
on KV channels and large conductance Ca
2+-activated channels (BKCa) highlighted 
several positions which are important for binding (Park and Miller, 1992; Goldstein 
and Miller, 1993; Stampe et al., 1994). These include positions 10, 14, 25, 29 and 34 
where mutations led to drastic reduction in binding affinity. The functional residues for 
KV and BKCa channels are located on the β-sheets in contrast to that for ERG and SKCa 
channels which are located at the α-helix. These residues also fall within the functional 
dyad radius of 6.6 ± 1.0 Å, which may explain their involvement in toxin-channel 
interaction due to their close proximity to the functional dyad (Figure 25). Only a 
single residue difference in the functional surface distinguishes KV and BKCa channels 
where asparagine is specific to KV channels. This was determined from analyses of 
multiple sequence alignment of scorpion toxins that target different channel subtypes 
and mutant data (Figure 26). Iberiotoxin that is highly specific for BKCa channel 
(Galvez et al., 1990) has glycine instead of asparagine at position 30. P05 targets SKCa 
channel only and mutation at positions 22-24 from IGD to MNG resulted in 
recognition of KV channels (Wu et al., 2002). This is corroborated by Schroeder et al. 
(2002) where they mutated glycine to asparagine at position 30 in iberiotoxin, which 
caused the mutant toxin to target both K+ channel subtypes.  
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Figure 25 Functional residues of charybdotoxin (PDB: 2CRD) determined by 
mutagenesis studies, which are important for binding to voltage-dependent K+ and 
large conductance Ca2+-activated K+ channels. Most of the functional residues (R25, 
K27, M29, R34 and Y36), except S10 and W14 are located on the flat surface of the β-
sheets. S10 and W14 reside at the α-helix. Spatial distances between Cα atoms of the 
functional residues with that of critical K27 demonstrated that they are within 6.6 ± 1.0 





 Toxin          Sequence                                  Channel Ref.   
Charybdotoxin  -QFTNVSCTTSKECWSVCQRLHNT-SRGKCMNKKCRCYS-- BKCa,KV  1,2   
Iberiotoxin    -QFTDVDCSVSKECWSVCKDLFGV-DRGKCMGKKCRCYQ-- BKCa     3 
Pi4            --IEAIRCGGSRDCYRPCQKRTGC-PNAKCINKTCKCYGCS Kv      4 
Pi2            ----TISCTNPKQCYPHCKKETGY-PNAKCMNRKCKCFGR- Kv      5       
PbTx3          --EVDMRCKSSKECLVKCKQATGR-PNGKCMNRKCKCYPR- Kv      6     
HgTx1          -TVIDVKCTSPKQCLPPCKAQFGIRAGAKCMNGKCKCYPH- Kv      7 
AgTx1          GVPINVKCTGSPQCLKPCKDAGMR--FGKCINGKCHCTPK- Kv      8 
P05            -----TVCN-LRRCQLSCR-SLGL--LGKCIGVKCECVKH- SKCa     9 
                      *     *   *:        .**:. .*.*     
 
Figure 26 Multiple sequence alignment of representative scorpion toxins which target 
voltage-dependent K+ (Kv), large and small conductance Ca2+-activated K+ channels 
(BKCa, SKCa). The box highlights the position and residue identity involved in 
differentiating KV and BKCa. References: 1 (Vazquez et al., 1989), 2 (Deutsch et al., 
1991), 3 (Galvez et al., 1990), 4 (Olamendi-Portugal et al., 1998), 5 (Rogowski et al., 
1996), 6 (Huys and Tytgat, 2003), 7 (Koschak et al., 1998), 8 (Garcia et al., 1994), 9 
(Wu et al., 2002). 
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 Scorpion toxins use different residues for targeting various K+ channel 
subtypes. The functional dyad of lysine and an aromatic residue residing at the β-
sheets interact with voltage-dependent K+ channels and large conductance Ca2+-
activated channels. Toxins which target small conductance Ca2+-activated channels 
and ERG channels have functional residues located at the α-helix. 
 
4.3  Conclusion 
Given the large diversity of ion channels (Zuo and Ji, 2004; Korn and Trapani, 
2005), a number of different binding motifs in scorpion toxins can be defined. 
Dauplais et al. (1997) reported a conservation of a functional dyad motif in K+ toxins 
with unrelated structures while none has been reported for Na+, Cl- and Ca2+ toxins. 
This is the first report of binding motifs for four K+ ion channel subtypes (voltage-
dependent K+ channels, large- and small-conductance Ca2+-activated channels, and 
ether-a-go-go channel), four binding site motifs for Na+ channels and a conserved 
motif for Cl- channels. 
The motifs reported here included information from mutation studies of 
scorpion toxins and 3D structure analyses except for Cl- channel for which mutation 
study is not available. The motifs reported in this work have biological and functional 
relevance which complement motifs obtained statistically. Mutation studies help 
determine if conserved residues within groups of scorpion toxins are important for 
integrity of molecular structure and for function. The mutant data provide information 
on residues and positions which are important for structure and function, and those that 
are not. Further, critical information on physicochemical properties of key residues can 
be obtained from mutant data where there may lack conservation of residues at key 
positions in multiple sequence alignments. This is important because even semi-
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conservative substitution of residues can affect activity in scorpion toxins where a 
substitution from arginine to lysine resulted in a 80-fold decreased activity in Lqh αIT 
(Karbat et al., 2004b). Scaling the effects of mutation on binding affinity to a common 
scale provides a semi-quantitative comparison to differentiate critical residues from 
residues that play no role in binding affinity.  
One major goal of analysing 3D protein structure is to understand the 
relationship between the primary and tertiary structures. If this relationship were 
known, then the structure and function of a protein could be reliably predicted from its 
amino acid sequence. In fact, Mouhat et al. (2004a) proposed that the spatial 
distribution of key functional residues is more important than its fold when considering 
the interaction of a toxin with its ion channel target. Spatial proximity to the key 
functional residues is likely to influence interaction, especially in toxin-channel 
complexes which involves a combination of electrostatic, hydrophobic and hydrogen 
bonding interactions (Xu et al., 2003; Mouhat et al., 2004b). 3D structure analyses aid 
identification of motifs where non-contiguous residues are clustered spatially and help 
extraction of functional motifs where their spatial positions are mapped onto the 
primary sequence. These linearised motifs can then be used to compare novel 
sequences for prediction of function. The information of spatial proximity on residues 
near to critical functional residue facilitates the design of mutation studies.  
This systematic approach of including mutant data of scorpion toxins and 3D 
structure analyses for extraction of motifs can serve as a model for other proteins 
where mutation studies and 3D structures are available. This approach complements 
motifs that are derived statistically by including biological information for a more 
accurate inference of function for newly identified scorpion toxin sequences. 
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Chapter summary 
• Two main approaches are available for functional inference of newly identified 
scorpion toxins. First is the identification of similar characterised sequences by 
pairwise alignment tools such as BLAST or FASTA. However, pairwise 
alignment is unable to differentiate functional residues from those with no 
critical role. Second, function can be inferred from matches to patterns in 
signature databases such as PROSITE. The patterns are usually derived 
statistically but are not necessarily biologically relevant.  
• However, biologically relevant information on critical residue and position is 
available in mutation studies but is usually not used for extraction of functional 
motifs in scorpion toxins.  
• This is the first report on eight functionally relevant binding motifs to Na+ and 
K+ channels which were extracted from the approach of analysing multiple 
sequence alignments of native scorpion toxins, 3D structures and information 
from mutation studies. The motifs reported in this work have biological and 
functional relevance. Multiple sequence alignment of native toxins targeting 
the same ion channel subtype allows conserved residues to be determined. 3D 
structure analyses aid identification of motifs where non-contiguous residues 
are clustered spatially. Mutation studies provide information on residues, 
positions and the physicochemical properties of key residues important for 
structure and function.  
• This systematic approach can serve as a model for other proteins where 
mutation studies and 3D structures are available. 
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Part II: Chapter 5 Functional prediction of bioactive 





‘Once a new technology rolls over you, if 
you are not part of the steamroller, you're 
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Scorpion toxins are important experimental tools for studies of biochemical and 
pharmacological properties of ion channels which have significance in the 
development of novel therapeutics for ion channel diseases (Mouhat et al., 2005; 
Devaux et al., 2004; Fuller et al., 2004). Identification of new toxin sequences from 
scorpion venoms is thus critical for scientific research and medical applications. The 
number of functionally characterised scorpion toxins is steadily growing, but the 
number of newly identified toxin sequences is increasing at much faster pace. These 
newly identified sequences usually have primary structure information with limited or 
no functional feature characterised. With an estimated 100,000 different variants, there 
is a pressing need to accurately predict functions of these sequences where 
bioinformatic analysis of scorpion toxins is becoming a necessary tool for their 
systematic functional analysis. 
Here, the author reports a bioinformatics-driven approach involving scorpion 
toxin structural classification, functional annotation, sequence comparison, nearest 
neighbour analysis and decision rules, which produces highly accurate predictions of 
scorpion toxin functional properties. The methodology reported is of importance 
because it provides a bioinformatics basis for systematic functional analysis of large 
sets of toxin sequences. The prediction tool, termed Annotate Scorpion, is the first 
novel tool in the field of scorpion toxin research which predicts functional properties 
of uncharacterised scorpion toxins. It facilitates selection of critical experiments where 
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5.1 Prediction of functional properties of novel scorpion toxins by nearest 
neighbour analysis, sequence comparison and decision rules 
 The classified groups and subgroups of scorpion toxins, proposed in Chapter 3, 
were used as a basis for the development of a bioinformatics-driven approach for 
prediction of functional properties of scorpion toxins including ion channel specificity 
(Na+, K+, Ca2+ or Cl-), toxin subfamily (α, α-like, β, K+, Ca2+ or Cl-), toxin potency 
(neurotoxic or nontoxic), and target cell specificity (insect-, crustacean-, or mammal-
specific). This new hierarchical classification scheme, underpinned by sequence, 
structural and functional similarity of sequences helps understanding of their structural 
and functional properties. This method termed “Annotate Scorpion” combines 
sequence comparison, nearest neighbour analysis and decision rules. This module is 
data-driven and thus statistical in its nature. Testing of the Annotate Scorpion showed 
it could predict functional properties of scorpion toxins with high accuracy. Here the 
author describes the method and the algorithm, and presents the results of the 
assessment of prediction accuracy.  
The scorpion toxin functional prediction module, Annotate Scorpion, 
automatically generates putative functional annotation for the query toxin and places 
query sequence into an appropriate structural group. It combines sequence comparison, 
nearest neighbour analysis and decision rules to assign a putative membership of a 
query sequence to a functional or structural group. This module provides multiple 
sequence alignment of the test sequence along with the nearest neighbour sequences 
available in the database. High accuracy predictions of target receptor (91.5%), toxin 
action (83.3%) and toxin type (68.9%) were achieved on a test set of 52 newly 
characterised scorpion toxins (Tan et al., 2005). Because it uses nearest neighbour 
analysis, the Annotate Scorpion tool has high specificity. Similar bioinformatic-based 
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approach of predicting structure and specific function can be applied to other toxins as 
demonstrated by the Analysis module in the MOLLUSK database 
(http://research.i2r.a-star.edu.sg/MOLLUSK/).  
 
5.2 Materials and Methods 
Two separate testings were performed on the accuracy of the module where the 
two test sets consisted of 52 and 127 toxin sequences collected from public databases 
and literature. The two separate test sets, containing newly characterised scorpion 
toxins, were used for evaluating the prediction accuracy of Annotate Scorpion. The 
primary toxin set was analysed and classified into groups based on primary sequence 
similarity and ion channel specificity (as discussed in Chapter 3). These groups were 
used as comparison targets by the “Annotate Scorpion” method for prediction of 
anonymous protein sequences.  
 
5.2.1 Scorpion toxin data 
The initial primary data set of 220 sequences was extracted from the 
SCORPION database. Of these, 196 complete sequences representing mature toxins 
were compared and used for defining toxin groups (see Section 3.3.1), while 24 
partially sequenced toxins were not analysed, but were later added to the groups. The 
first test set of 52 sequences was obtained from the secondary collection of scorpion 
toxin sequences where 18 were functionally characterised for their receptor and target 
cell specificities, toxin action and toxin type by experimentation, whereas 34 
sequences were partially characterised.  
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Upon prediction of their functional properties, these 52 sequences were 
subsequently added to the initial primary data set of 220 sequences, totaling 272 
sequences. The second primary data set consisted of the enlarged primary data set of 
272 sequences and 426 scorpion mutant toxin data for prediction of functional features 
in the second test set. The second test set of 127 sequences was obtained from a 
separate collection where 18 were functionally characterised for their receptor and 
target cell specificities, and toxin action and toxin type by experimentation. 
 
5.2.2 Algorithm – nearest neighbour and rule-based 
The aim of Annotate Scorpion prediction module is to generate accurate 
functional annotations for a query scorpion toxin. The predicted functional properties 
are toxin type, toxin action, ion channel specificity, and cellular target specificity. This 
module combines sequence comparison, nearest neighbour analysis and decision rules 
for assigning a putative classification of a query sequence to a structure-function 
group. The logic involved performing a similarity search of a query sequence against 
the primary data set in the SCORPION2 database by BLAST program. A large change 
in score values separates sequences dissimilar to the query from similar sequences. 
This permits grouping of the query to similar sequences whereby nearest neighbour 
analysis will assign the functional and structural properties of the sequences in the 
group to the query. The nearest neighbour rule states that a test instance is classified 
based on the classification of nearest training instances (Cover and Hart, 1967; 
Dasarathy, 1991). The algorithm uses 10 rules for grouping and prediction of specific 
function of scorpion toxins. 
1) The length of query sequence is maximum 200 amino acids. 
2)  If the bit score of the nearest neighbour is < 20, then NOT SCORPION TOXIN. 
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3)  If the query sequence is 100% identical to an existing sequence in the primary 
data set, than IDENTICAL to known toxin. 
4)  If the query sequence is 100% identical to a portion of an existing sequence in 
the primary data set, then PARTIAL SEQUENCE.  
5)  If the identity to the nearest neighbour is < 50%, then NEW GROUP. 
6)  If the difference of bit scores between two consecutive neighbours is ≥ 30, this 
serves as a cut-off point. The number of nearest neighbours, N = 5. 
7)  If the N neighbours belong to same subgroup, then EXISTING SUBGROUP. 
8)  If the N neighbour sequences belong to the same group but are from different 
subgroups, then NEW SUBGROUP. 
9) If the N neighbours belong to different groups, then NEW GROUP. 
10)  If the group which the nearest neighbour belongs to consists of M sequences and 
M < N, then only the top M neighbours are considered in rules 7, 8 and 9. 
 
The threshold of < 20 bit score was selected for differentiating sequences that 
are not scorpion toxins because the range of sequence identities between 393 native 
scorpion toxins was 30 – 100%. A new group is proposed for a query if no nearest 
neighbour is found (<50% identity) or the nearest neighbours (>50% identity) belong 
to different groups. A new subgroup is proposed if the nearest neighbours are in the 
same group but belong to different subgroups. For example, submission of TbIT-1 
(Pimenta et al., 2001) into Annotate Scorpion returned the top five nearest neighbours 
of >50% identity where Tst1, Tb1 and Ts1 (SCORPION2 ID: D000008, D000009, 
D000012) belong to Na+ subgroup 2a while TsNTXP and Ts4 (D000162, D000010) 
belong to Na+ subgroup 2c. A new subgroup was proposed for TbIT-1. 
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5.3 Results – Accurate prediction of functional properties of novel scorpion 
toxins 
The functional properties predicted by the Annotate Scorpion module are the 
toxin subfamily, toxin action, ion channel specificity and target cell type. The accuracy 
of Annotate Scorpion module upon submission of the two test sets has been 
summarised in Figure 27 where this work’s predictions were compared with the 
features of functionally characterised scorpion toxin sequences. For the first test set, 
91%, 69%, 83% and 44% were correctly predicted for ion channel specificity, toxin 
subfamily, toxin action and target cell type, respectively. In the second test set, 99%, 
83%, 50% and 40% correct predictions were obtained for ion channel specificity, toxin 
subfamily, toxin action and target cell type, respectively. 
In the first test set, only two sequences could not be annotated (Table 7). No 
similar sequences were found for κ-hefutoxins 1 and 2, thus Annotate Scorpion could 
assign neither the group, nor functional features to them. These two sequences 
constitute a new scorpion toxin fold as determined by NMR which consists of two 
parallel helices linked by two disulfide bridges without any β-sheets (Srinivasan et al., 
2002b). 12 sequences were predicted as members of new groups, of which nine (75%) 
were correctly predicted as members of new groups, and three (25%) belong to 
existing groups (BeKm-1, BKTx, and BmTx3 belong to K+ group 1, Na+ group 7, and 
K+ group 4). New subgroups were predicted for seven sequences. The remaining 31 
toxin sequences were classified into the well-defined groups. 
Of 52 sequences, 47 had known ion channel specificity, 18 for cellular target 
specificity and toxin action, and 45 for toxin type. Ion channel specificity was correctly 
predicted for 43 (91.5%) toxins. Tamulustoxin 1 and 2 were wrongly classified as Na+ 
toxins instead of K+ toxins (4.25% misclassification). 
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Figure 27 Accuracy of functional prediction of Annotate Scorpion module determined 
using two separate test sets. The functional properties predicted include ion channel 
specificity, toxin type, toxin action and cellular species target. This work’s predictions 
of these properties were compared with features of functionally characterised scorpion 
toxin sequences. ‘Correct’ represents the prediction agrees with experimentally 
characterised feature. ‘Partial’ represents the prediction suggests at least two properties 
of which one agrees with experimentally characterised feature. ‘Wrong’ represents the 
prediction disagrees with characterised feature and ‘Not predicted’ represents no 
features predicted. A) Accuracy of prediction for first test set of 52 sequences. B) 
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Table 7 Functional properties predicted for the first test set of 52 new toxin sequences. 
Abbreviations correspond to the scorpion species: Aah, Androctonus australis Hector; 
Be, Buthus eupeus; Bm, Buthus martensii; Bom, Buthus occitanus mardochei; Bs, 
Buthus sindicus; Bt, Buthus tamulus; Cg, Centruroides gracilis; Cll, Centruroides 
limpidus limpidus; Hf, Heterometrus fulvipes; Lqh, Leiurus quinquestriatus hebreaus; 
Tb, Tityus bahiensis; Tst, Tityus stigmurus; Os, Orthochirus scrobiculosus. The 
Annotate Scorpion module assigned each query sequence to a group, and predicted its 
ion channel type, toxin type, toxin action and species specificity. The Group indicates 
group or subgroup that contains toxin sequences similar to the query. A new subgroup 
is denoted by the group number and an asterisk. If no nearest neighbour is found, the 
query is assigned as a ‘New’ group. Toxin type describes the subfamily of the query 
sequence, where Na+ toxins are classified into alpha (α), alpha-like (α') and beta (β) 
subfamilies and K+, Ca2+ and Cl- toxins have been classified into single subfamilies 
each. Toxin action describes the nature of the toxin: T, neurotoxic; N, nontoxic. 
Abbreviations correspond to species specificity: M, mammal; I, insect; C, crustacean; 
Pu: putative annotation. Ex: experimentally determined function. Ref.: functional 
annotation in Swiss-Prot. Dashes (-) represent no experimental characterisation or no 
functional annotation in references. Swiss-Prot (SP) accession numbers refer to direct 
submission of toxin sequences. Question marks (?) represent sequences not 
functionally annotated by Annotate Scorpion. 













Ref. Toxin name 
 Pu Ex/Ref. Pu Ex/Ref. Pu Ex Pu Ex  
Aah(Toxin 1) New Na+ - α, α' - T - I, M - 1 
Aah(Toxin 2) New Na+ - α, α' - T - I, M - 1 
Aah(Toxin 3) New Na+ - α, α' - T - I, M - 1 
Aah(Toxin 4) 3 Na+ - α, α' - T - I, M, C - 1 
Aah(Toxin 5) 6 Na+ - α - T - I, M - 1 
BeKm-1 New K+ K+ K K T T M M 2 
Bm(ANEPII) 11 Na+ Na+ β β T - I, M - SPQ9BKJ1 
Bm(BKTx) New Na+ Na+ α α T T I, M M 3 
Bm32-VI 1a Na+ Na+ β β T T I I 4 
Bm33-I 1a Na+ Na+ β β T T I I 4 
BmKdITAP3 11 Na+ Na+ β β T T, N I, M I,M 5 
BmKK1 New K+ K+ K K T - M - 6 
BmP01 8 K+ K+ K K T, N  - M - SPQ9U522 
BmKK3 New K+ K+ K K T - M - 6 
BmTx3 New K+ K+ K K T T M M 7 
BmTXKS1 New K+ K+ K K T, N - ? - 8 
Bom α6a 3 Na+ Na+ α, α' α T - I, M, C - 9 
Bom α6b 3 Na+ Na+ α, α' α T - I, M, C - 9 
Bom α6c 3 Na+ Na+ α, α' α T - I, M, C - 9 
Bom α6d 3 Na+ Na+ α, α' α T - I, M, C - 9 
Bom α6e 3 Na+ Na+ α, α' α T - I, M, C - 9 
BsIT1 11 Na+ Na+ β β T T I, M I 10 
BsIT2 11 Na+ Na+ β β T T I, M I 10 
BsIT3 11 Na+ Na+ β β T T I, M I 10 
BsIT4 11 Na+ Na+ β β T T I, M I 10 
Bt(Tamapin) 5 K+ K+ K K T T M M 11 
Bt(Tamapin 2) 5 K+ K+ K K T T M M 11 
Bt(Tamulustoxin 1) New Na+ K+ β K T T I, M M 12 
Bt(Tamulustoxin 2) New Na+ K+ β K T T I, M M 12 
Cg2 9c Na+ Na+ β - T - I, C - 13 
Cll9 9* Na+ Na+ β - T - I, C - 13 
HfTx 1 ? ? K+ ? K T - ? - 14 
HfTx 2 ? ? K+ ? K T - ? - 14 
Lqh α6a 3 Na+ Na+ α, α' α' T - I, M, C - 9 
Lqh α6b 3 Na+ Na+ α, α' α' T - I, M, C - 9 
Lqh α6c 3 Na+ Na+ α, α' α' T - I, M, C - 9 
LqhChTx-b 1 K+ K+ K K T - M - 9 
LqhChTx-c 1 K+ K+ K K T - M - 9 
LqhClTx-a 1* Cl- Cl- Cl Cl T - I - 9 
LqhClTx-b 1a Cl- Cl- Cl Cl T - I, M - 9 
LqhClTx-c 1a Cl- Cl- Cl Cl T - I, M - 9 
LqhClTx-d 1a Cl- Cl- Cl Cl T - I, M - 9 
LqhIT1-a 1* Na+ Na+ β β T - I - 9 
LqhIT1-b 1* Na+ Na+ β β T - I - 9 
LqhIT1-c 1* Na+ Na+ β β T - I - 9 
LqhIT1-d 1* Na+ Na+ β β T - I - 9 
LqhIT2-13 11 Na+ Na+ β β T - I, M - 9 
LqhIT2-53 11 Na+ Na+ β β T - I, M - 9 
OsK2 New K+ K+ K K T T M I 15 
Tb2 II  2b Na+ Na+ α, β β T, N T M I, M 16 
TbIT-I  2* Na+ Na+ α, β β T, N T I, M I 16 
Tst 2 2b Na+ Na+ β β T T M M 17 
 
 
References: 1 (Ceard et al., 2001), 2 (Korolkova et al., 2001), 3 (Srinivasan et al., 
2001), 4 (Escoubas et al., 2000), 5 (Guan et al., 2001), 6 (Zeng et al., 2001), 7 (Vacher 
et al., 2001),  8 (Zhu et al., 2001), 9 (Froy et al., 1999), 10 (Ali et al., 2001), 11 
(Pedarzani et al., 2002), 12 (Strong et al., 2001), 13 (Possani et al., 2000), 14 
(Srinivasan et al., 2002b), 15 (Dudina et al., 2001), 16 (Pimenta et al., 2001), 17 
(Becerril et al., 1996), SP direct submission to Swiss-Prot. 
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Na+ toxins belong to α, α-like and β subfamilies whereas K+, Cl- and Ca2+ 
specific toxins belong to respective single families. Cross-referencing with original 
literature or annotations in the databases showed that of 45 test sequences, 31 (68.9%) 
had correct, 10 (22.2%) partially correct, and 4 (8.9%) wrong predictions of toxin type. 
Partially correct predictions were those where Annotate Scorpion predicted two 
possible types, of which one was correct. For Na+ toxins, 15 of 17 toxin sequences 
were correctly predicted as β subfamily while two were annotated as belonging to 
either α or β subfamily. Of six α toxins, BKTx was correctly predicted and another 
five toxins as either α or α-like toxins. Three α-like toxins, Lqh α6a, 6b and 6c were 
annotated as either α or α-like toxins.  
Toxin action describes the potency of the toxin where 'neurotoxic' elicits toxic 
effect upon injection into target organisms while 'nontoxic' does not cause the effect. 
Comparison to experimental results showed that of 18 test sequences, 15 (83.3%) had 
correct predictions, and three (16.7%) had partially correct predictions of toxicity. Tb2 
II and TbIT-I were experimentally determined to be neurotoxic but were predicted as 
being either neurotoxic or nontoxic. BmKdITAP3 was observed to be weakly toxic in 
insect and nontoxic in mammal but was predicted to be toxic.  
Of 18 experimentally characterised sequences, eight (44.4%) predictions of 
target cell specificity were correct. Another eight peptides were predicted to interact 
with both insect and mammalian cells, but experimental toxicity was reported only for 
mammalian cells (three peptides) or insect cells (five peptides). One peptide was 
predicted to interact with mammalian cells, while experimental results showed 
specificity for both mammalian and insect cells. Only a single prediction was incorrect 
(OsK2). The species specificity of BmTXKS1 was not assigned as there were no 
nearest neighbours and Annotate Scorpion predicted that it belongs to a new group. 
Chapter 5: Functional prediction of scorpion toxin data 
 84 
In the second test set of 127 sequences, only one sequence could not be 
annotated (Table 8). No similar sequences were found for Toxin 6 from Buthus 
martensii Karsch (Swiss-Prot: Q95P85), thus Annotate Scorpion could assign neither 
the group, nor functional features to it. This sequence constitutes a new scorpion toxin 
group. 11 sequences, inclusive of Toxin 6, had primary sequence information only and 
thus predictions were not compared against them. 20 sequences were predicted as 
members of new groups, of which 14 (70%) were correctly predicted as members of 
new groups, and six (30%) belong to existing groups (KTX1, AamH1, AamH2, 
AamH3, Lqh4 and Lqhβ1 belong to K+ group 1, Na+ groups 4, 6, 5, 6 and 10, 
respectively). New subgroups were predicted for five sequences. The remaining 91 
toxin sequences were classified into the well-defined groups and subgroups. 
Of 127 sequences, 111 had known ion channel specificity, 30 for cellular target 
specificity and toxin action, and 71 for toxin type. Ion channel specificity was correctly 
predicted for 110 (99.1%) toxins. OmTx3 was wrongly classified as Na+ toxins instead 
of K+ toxins (0.9% misclassification). 
Cross-referencing with original publications or annotations in the databases 
showed that of 71 test sequences, 59 (83.1%) had correct, 10 (14.1%) partially correct, 
and 2 (2.8%) wrong predictions of toxin type. For Na+ toxins, five of six toxin 
sequences were correctly predicted as β subfamily while one was annotated as 
belonging to either α or β subfamily. Of 12 α toxins, AamH1 and AmmVIII were 
correctly predicted, another seven toxins as either α or α-like toxins, another two 
toxins as either α or β subfamily and Tc48b was wrongly annotated as β subfamily. 
BmKM7, an α-like toxin, was annotated as either α or α-like toxins. OmTx3 
belonging to K+ subfamily was wrongly annotated as α or β subfamily. 
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Comparison of toxin action with experimental results showed that of 30 test 
sequences, 15 (50.0%) had correct predictions, three (10.0%) had partially correct 
predictions of toxicity, seven wrong predictions (23.3%) and five (16.7%) could not be 
predicted. KTX3 was experimentally determined to be neurotoxic but was predicted as 
being either neurotoxic or nontoxic. Tspep1 and Kbot1 were nontoxic but were 
predicted to be neurotoxic or nontoxic. Tf4, Tspep2, Tspep3, Cn12, BjαIT, Bestoxin 
and Altitoxin were nontoxic but were wrongly predicted as neurotoxic. The toxin 
action for Cn11, BotIT6, BmKIM2, BmKITa1 and Lqhβ1 could not be predicted. 
Of 30 experimentally characterised sequences, 12 (40.0%) predictions of target 
cell specificity were correct. Another six peptides were predicted to interact with both 
insect and mammalian cells, but experimental toxicity was reported only for 
mammalian cells (three peptides), insect cells (two peptides) or crustacean cells (one 
peptide). One peptide was predicted to target both insect and crustacean cells, but was 
reported for insect cells only. Three peptides target both insects and mammalian cells, 
but were predicted to interact with mammalian cells (one peptide) or insects cells (two 
peptides). Two peptides had a cellular target predicted correctly where experimental 
toxicity was reported for two cellular targets. Two predictions were incorrect (IsTx and 
BmK37). The cellular targets of Ikitoxin, Dortoxin, Bestoxin and Altitoxin were not 
assigned. 
The author also tested Annotate Scorpion with sequences other than scorpion 
toxin and in all cases the results were ‘no similar record found’. This has shown that 
Annotate Scorpion is robust and highly accurate in assigning putative annotation to 
previously unseen scorpion toxins. The toxin sequences from the test sets have been 
incorporated into the prediction module as templates for functional annotation of new 
toxin sequences. 
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Table 8 Functional properties predicted for the second test set of 127 new toxin 
sequences. Abbreviations correspond to the scorpion species: Ap, Anuroctonus 
phaiodactylus; Aah, Androctonus australis Hector; Aam, Androctonus amoreuxi; 
Amm, Androctonus mauretanicus mauretanicus; Bt, Buthus tamulus; BmK, Buthus 
martensii Karsch; Bot, Buthus occitanus tunetanus; Ce, Centruroides elegans; Cg, 
Centruroides gracilis; Cn, Centruroides noxius; Cex, Centruroides exilicauda; Cll, 
Centruroides limpidus limpidus; CsE, Centruroides sculpturatus Ewing; Hs, 
Heterometrus spinifer; Iv, Isometrus vittatus; Lqh, Leiurus quinquestriatus hebreaus; 
Lqq, Leiurus quinquestriatus quinquestriatus; Oc, Opistophthalmus carinatus; Om, 
Opisthacanthus madagascariensis; Pg, Parabuthus granulatus; Pt, Parabuthus 
transvaalicus; Tc, Tityus cambridgei; Td, Tityus discrepans; Tf, Tityus fasciolatus; Ts, 
Tityus serrulatus; Tt, Tityus trivittatus; Tz, Tityus zulianus. The Annotate Scorpion 
module assigned each query sequence to a group, and predicted its ion channel type, 
toxin type, toxin action and species specificity. The Group indicates group or subgroup 
that contains toxin sequences similar to the query. A new subgroup is denoted by the 
group number and an asterisk. If no nearest neighbour is found, the query is assigned 
as a ‘New’ group. Toxin type describes the subfamily of the query sequence, where 
Na+ toxins are classified into alpha (α), alpha-like (α') and beta (β) subfamilies and K+, 
Ca2+ and Cl- toxins have been classified into single subfamilies each. Toxin action 
describes the nature of the toxin: T, neurotoxic; N, nontoxic. Abbreviations correspond 
to species specificity: M, mammal; I, insect; C, crustacean; Pu: putative annotation. 
Ex: experimentally determined function. Ref.: functional annotation in Swiss-Prot. 
Dashes (-) represent no experimental characterisation or no functional annotation in 
references. Swiss-Prot (SP) accession numbers refer to direct submission of toxin 
sequences. Question marks (?) represent sequences not functionally annotated by 
Annotate Scorpion. 





















Pu Ex Pu Ex  
AaHTX2 4 K K K K T - M - 1 
AamH1 New Na Na α α T - M - 2 
AamH2 New Na Na α,α’ α T - M - 2 
AamH3 New Na Na α,α’ α T - M - 2 
AamTx 4 K K K K T - M - 3 
AmmTX3 4 K K K K T T M M 4 
AmmVIII 6 Na Na α α T T IM M 5 
Ap(Anuroctoxin) 6 K K K K T - M - 6 
Ap(Phaiodotoxin) New Na Na α,α’ - N N M M 7 
Ap(Phaiodotoxin 2) New Na - α,α’ - N - M - 7 
Ap(Phaiodotoxin 3) New Na - α,α’ - NT - M - 7 
BjαIT 3 Na Na α,α’ α T N M M 8 
BmK(ANEPIII) 11 Na - β - ? - I - SPQ9BKJ0 
BmK(KTX1) New K K K K T - IM - SPQ8MQL0 
BmK(Toxin 6) ? ? - ? - ? - ? - SPQ95P85 
BmK(X-29S) New K, Ca - K, Ca - T - M - SPQ7Z0F1 
BmK12b 1a Cl - Cl - T - I - SPQ9BJW4 
BmK37 10 K K K K T T M I 9 
BmK38 New K K K - ? - M - SPQ8MUB1 
BmKAEP2 11 Na - β - ? - IM - SPQ86M31 
BmKIM2 11 Na Na β β ? T I IM 10 
BmKITa 11 Na - β - ? - IM - SPQ9XY87 
BmKITa1 11 Na Na β - ? T IM I 11 
BmKK4 4 K - K - T - IM - 12 
BmKK7 1 K K K K T - M - SPP59938 
BmKM7 3 Na Na α,α’ α’ T - M - 13 
BmKSKTx1 19 K K K K T - ? - 14 
BmKTXPL2 New Na - α - ? - I - 15 
BmKX New K, Ca, Na - K,Ca, α - T - M - 16 
BmKα3 6 Na Na α - T - M - SPQ9GUA7 
Bot(Kbot1) 9 K K K K NT N M M 17 
Bot(KTX3) 3 K K K K NT T M M 18 
BotIT6 11 Na Na β β ? T I I 19 
Bt(Neurotoxin) 3 Na - α,α’ - T - M - SPP60277 
BtITx3 1a Cl Cl Cl Cl T T IC I 20 
BtK-2 9 K K K K NT - M - 21 
Buthus sp(Toxin) New K - K - ? - M - SPP83108 
CeErg1 16b K K K K T - M - 22 
CeErg2 16b K K K K T - M - 22 
CeErg3 16b K K K K T - M - 22 
CexErg1 16b K K K K T - M - 22 
CexErg2 16b K K K K T - M - 22 
CexErg3 16b K K K K T - M - 22 
CexErg4 16b K K K K T - M - 22 
CgErg1 16b K K K K T - M - 22 
CgErg2 16b K K K K T - M - 22 
CgErg3 16b K K K K T - M - 22 
Cll2b 9b Na Na β - T - M - SPP59899 
Cll3 9b Na Na β - T - M - SPQ7Z1K9 
Cll4 9b Na Na β - T - M - SPQ7Z1K8 
Cll5b 9c Na Na β - T - IC - SPQ7Z1K7 
Cll5c 9c Na Na β - T - IC - SPQ7YT61 
Cll5c* 9c Na Na β - T - IC - SPQ7Z1K6 
Cll6 9c Na Na β - T - IC - SPQ7Z1K5 
Cll7 9* Na Na β - T - IMC - SPP59865 
Cll8 9c Na Na β - T - IC - SPQ7Z1K4 
CllErg1 16b K K K K T - M - 22 
CllErg2 16b K K K K T - M - 22 
CllErg3 16b K K K K T - M - 22 
CllErg4 16b K K K K T - M - 22 
Cn11 11 Na Na β β ? T I IC 23 
Cn12 New Na Na β - T N IMC IMC 24 
CnErg2 16b K K K K T - M - 22 
CnErg3 16b K K K K T - M - 22 
CnErg4 16b K K K K T - M - 22 
CnErg5 16b K K K K T - M - 22 
CsE1x 9a Na Na β - T - MC - 25 
CsE3 9b Na Na β - T - M - 25 
CsE8 9c Na Na β - T - IC - 25 
CsE9b 9d Na Na ? - ? - ? - 25 
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CsEErg1 16b K K K K T - M - 22 
CsEErg3 16b K K K K T - M - 22 
CsEErg5 16b K K K K T - M - 22 
CsEIa 9a Na Na β - T - MC - 25 
CsEKerg1 16b K K K K T - M - 26 
CsErg2 16b K K K K T - M - 22 
CsErg4 16b K K K K T - M - 22 
CsEv1b 9c Na Na β - T - IC - 25 
CsEv1c 9c Na Na β - T - IC - 25 
CsEv1d 9c Na Na β - T - IC - 25 
CsEv1e 9c Na Na β - T - IC - 25 
CsEv2a* 9c Na Na β - T - I - 25 
CsEv2b 9c Na Na β - T - IC - 25 
CsEv2c 9c Na Na β - T - IC - 25 
CsEv2d 9c Na Na β - T - IC - 25 
CsEv3b 9c Na Na β - T - I - 25 
CsEv3b* 9c Na Na β - T - IC - 25 
CsEv4 9c Na Na β - T - IC - 27 
CsEv5 2* Na Na α,β α T T M IM 27 
Hs(κ-KTX1.3) 18 K K K K ? - ? - 28 
Iv(IsomTx1) 1b Na Na β - ? - I - 29 
Iv(IsomTx2) 1b Na Na β - ? - I - 29 
Lqh4 New Na Na α,α’ α T T M IM 30 
Lqh6 5 Na Na α,α’ α T T IM IM 31 
Lqh7 5 Na Na α,α’ α T T IM IM 31 
Lqhβ1 New Na Na α,β β ? T IM I 32 
Lqq(Insect2 clone 6) 11 Na Na β - ? - I - 33 
Lqq(Insect2 clone 8) 11 Na Na β - ? - I - 33 
Oc(Opicalcine 1) 1 Ca Ca Ca Ca T - M - 34 
Oc(Opicalcine 2) 1 Ca Ca Ca Ca T - M - 34 
OcKTx1 6 K K K K T - M - 35 
OcKTx2 6 K K K K T - M - 35 
OcKTx3 6 K K K K T - M - 35 
OcKTx4 6 K K K K T - M - 35 
OcKTx5 6 K K K K T - M - 35 
Om(IsTx) New K K K K T T M C 36 
OmTx1 New K K K K T - M - 37 
OmTx2 New K K K K T - M - 37 
OmTx3 New Na K α,β K ? - IM - 37 
Pg(PBTx10) 11 K K K K ? - ? - 38 
Pt(Altitoxin) 15 Na Na β - T N ? M 39 
Pt(Bestoxin) 15 Na Na β - T N ? M 39 
Pt(Dortoxin) 15 Na Na β - T T ? M 39 
Pt(Ikitoxin) 15 Na Na β β T T ? M 40 
Tc30 4 K K K K T - IM - 41 
Tc32 New K K K K T - M - 41 
Tc48a 2* Na Na β - T - IM - 42 
Tc48b 2a Na Na β α T - IM - 43 
Tc49b 2a Na Na β - T T IM M 44 
Td(Ardiscretin) 2* Na Na β - T T IM IC 45 
Td(Discrepin) New K K K K T - M - 46 
Tf4 2* Na Na α,β α T N M MC 47 
TsPep1 New K - K - NT N M M 48 
TsPep2 New K - K - T N M M 48 
TsPep3 New K - K - T N M M 48 
TtBut-toxin 12 K K K K T - M - 49 
Tz1 2a Na Na β β T T IM M 50 
 
References: 1 (Legros et al., 2003), 2 (Chen et al., 2003), 3 (Chen et al., 2005), 4 (Vacher et al., 2002), 
5 (Alami et al., 2003), 6 (Bagdany et al., 2005), 7 (Valdez-Cruz et al., 2004a), 8 (Arnon et al., 2005), 9 
(Xu et al., 2004a), 10 (Peng et al., 2002), 11 (Liu et al., 2003), 12 (Zhang et al., 2004), 13 (Guan et al., 
2004), 14 (Xu et al., 2004b), 15 (Zhu and Li, 2002), 16 (Wang et al., 2005), 17 (Mahjoubi-Boubaker et 
al., 2004), 18 (Meki et al., 2000), 19 (Mejri et al., 2003), 20 (Dhawan et al., 2002), 21 (Dhawan et al., 
2003), 22 (Corona et al., 2002), 23 (Ramirez-Dominguez et al., 2002), 24 (del Rio-Portilla et al., 2004), 
25 (Corona et al., 2001), 26 (Nastainczyk et al., 2002), 27 (David et al., 1991), 28 (Nirthanan et al., 
2005), 29 (Coronas et al., 2003b), 30 (Corzo et al., 2001), 31 (Hamon et al., 2002), 32 (Gordon et al., 
2003), 33 (Zaki and Maruniak, 2003), 34 (Zhu et al., 2003), 35 (Zhu et al., 2004c), 36 (Yamaji et al., 
2004), 37 (Chagot et al., 2005), 38 (Huys et al., 2004), 39 (Inceoglu et al., 2005), 40 (Inceoglu et al., 
2002), 41 (Batista et al., 2002a), 42 (Batista et al., 2004), 43 (Murgia et al., 2004), 44 (Batista et al., 
2002b), 45 (D'Suze et al., 2004b), 46 (D'Suze et al., 2004a), 47 (Wagner et al., 2003), 48 (Pimenta et 
al., 2003), 49 (Coronas et al., 2003a), 50 (Borges et al., 2004), SP direct submission to Swiss-Prot. 
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5.4 Discussion and conclusions 
There is a need for an accurate functional prediction tool for scorpion toxins as 
more than half of the data in the two test sets collected from public databases and the 
literature are molecular clones (52% and 69%, respectively), having only sequence 
information or partial functional information. The author has developed the first 
generic bioinformatic functional prediction tool for accurate functional annotation of 
scorpion toxins that can help reduce the number of experiments conducted for 
characterising novel scorpion toxin sequences. The bioinformatics-based approach of 
collecting, cleaning, annotating and classifying scorpion sequences into groups and 
subgroups allowed prediction of the functions of query scorpion sequences with high 
accuracy. The initial process of cleaning the data is critical for preventing the 
propagation of errors. For example, at the time of this study, Swiss-Prot database had 
annotated excitatory and depressant toxins as belonging to α-toxin subfamily (P01497, 
P15147, P19856, P55904, P80962, P19855, P24336, P81240, P15228, P55903, 
O61668 and Q9U7E5). These two groups of toxins, however, belong to β-toxin 
subfamily (Gordon et al., 1998; Oren et al., 1998). If these annotations were not 
corrected, the predictions would be less accurate. 
The author had classified scorpion toxins using BLAST and Clustal W results, 
which are in agreement with the phylogenetic analysis (discussed in Chapter 3). 
Detailed classification of scorpion toxin sequences into well-organised groups allows 
better correlation of structure-function relationships and thereafter, classification of 
new sequences by the prediction tool. Sequences that are similar (in primary, 
secondary and tertiary structures) often perform similar function. Most scorpion toxins 
share the CSH fold (Bontems et al., 1991). By clustering a query sequence with its 
nearest neighbours in the well-defined groups, functional properties of the nearest 
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neighbours could be ascribed to the query sequence. The algorithm is robust even if the 
query sequence could not be classified into the defined groups as it ascribed the 
functional properties of the five nearest neighbours to the query. Novel scorpion toxin 
sequences that show relatively low primary sequence similarity are assigned into new 
groups. If nearest neighbours do not exist, Annotate Scorpion will not make 
predictions. This restriction will result in scorpion toxins that have new fold (e.g. κ-
Hefutoxins) may not be annotated. However, once a representative toxin is entered in 
the database, it becomes a template for further predictions. The accuracy of the 
prediction module is limited by the availability of present data. Nevertheless, as more 
new venom sequences are characterised and included into the data set, the accuracy of 
the structure-function prediction tool is expected to improve.  
Among the four functional properties predicted, higher accuracies were 
obtained for ion channel specificity and toxin type as compared to toxin action and 
cellular target specificity. The difference in accuracies could be that the biological 
aspect of toxic action and cellular species target is functionally more complex. The ion 
channel specificity and toxin subtype could be predicted based on sequence similarity 
whereas toxin action and cellular specificity are dependent on various factors besides 
sequence similarity. The route of toxin administration affects level of toxicity in 
animal models. For example, no apparent effect was observed in mice when scorpion 
toxin Cll9 was administered intraperitoneally but induced sleep upon 
intracerebroventricular route (Corona et al., 2003). Also, all α-toxins are toxic to mice 
to a similar extent when injected subcutaneously, but they differ prominently upon 
intracerebroventricular injection (Gordon and Gurevitz, 2003). Finally, the age, genetic 
background and gender of animal models determine toxicity of scorpion toxins 
(Padilla et al., 2003). For prediction of cellular specificity, scorpion toxins have been 
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tested on one or combination of animal models such as insects (cockroach, locust), 
mammals (mice, rat) and crustaceans (crayfish, prawn). The specificity to other 
organisms has not been fully determined. For example, binding studies correlated with 
toxicity towards mammals and insects have revealed that even toxins known as 
mammal-specific can be toxic to insects and vice versa (Gordon et al., 1996) The 
animal group specificity is only relative and definite cross-reactivity exists (Selisko et 
al., 1996). The lack of cellular specificity data prevents accurate prediction of this 
functional property. Many scorpion toxins are generally characterised on a limited 
number of pharmacological targets and animal models where many other true 
physiological targets remain to be discovered. 
The detailed structural and functional classification of scorpion toxin sequences 
into groups and subgroups can be used for accurate prediction of ion channel 
specificity and toxin subtype, and to a lesser extent on cellular target and toxin action. 
The predictions can effectively reduce the number of critical experiments performed. 
This generic bioinformatic-driven approach serves as a model for functional prediction 
of novel toxins from other venomous animals as demonstrated in the MOLLUSK 
(http://research.i2r.a-star.edu.sg/MOLLUSK/) and snake venom neurotoxins databases 
(Siew et al., 2004).   
 
Chapter summary 
• Experimental characterisation of the large number of newly identified scorpion 
toxins is prohibitively expensive and time-consuming. Thus, there is a need to 
accurately predict functions of these sequences to expedite their 
characterisation by facilitating selection of critical experiments. 
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• This work reports on the first novel prediction tool, Annotate Scorpion, which 
predicts functional properties of uncharacterised scorpion toxins. The algorithm 
combines sequence comparison, nearest neighbour analysis and decision rules 
to predict ion channel specificity, toxin subfamily, toxin potency and cellular 
specificity. 
• High accuracy of predictions, particularly ion channel specificity and toxin 
subfamily, was obtained by validation with two sets of experimentally 
characterised scorpion toxins. Lower accuracies were obtained for toxin 
potency and cellular specificity because of different biological and 
experimental factors involved in the functional properties other than sequence 
similarity. 
• The methodology reported here demonstrates that bioinformatics can be 
applied to systematic functional analysis of large sets of scorpion toxin 
sequences. This generic approach serves as a model for prediction of novel 
toxins from other venomous animals. 
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‘[An] argument against the Human 
Genome Project was that it was trivial, it 
wasn’t really science. It was referred to as 
a fishing expedition, or a mindless 
collecting of facts. What they did not 
realise is how these databases were going 
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Large-scale analysis of scorpion toxin data provides a holistic view of all the currently 
available data which is important for better understanding of their structure-function 
relationships. However, scorpion toxin data are reported as long lists of sequences in 
literature reviews (e.g. Possani et al., 1999; Tytgat et al., 1999; Goudet et al., 2002) or 
are scattered across multiple public databases with very limited structural and 
functional annotation. Discrepancies between records representing the same toxin in 
various databases are also common. Mutation studies (such as site-directed 
mutagenesis) of scorpion toxins provide a large amount of data on their functional and 
structural features are available in the literature but are usually not used in large-scale 
analyses. Structural analyses of scorpion toxins are impeded by availability of 3D 
structures in PDB (Deshpande et al., 2005) (only 20% of 393 reported scorpion toxin 
sequences as of November 2005). The access to and analysis of the growing number of 
scorpion toxin data scattered across multiple data sources is becoming increasingly 
difficult. Thus, there is a need to create a centralised repository for improved data 
management to facilitate analyses in the field of scorpion toxins. 
The author was involved in building the SCORPION database (Srinivasan et 
al., 2002a) which contained 277 native scorpion toxins. In SCORPION, mutant toxin 
data available in the literature had not been tapped in the bioinformatics study of 
scorpion toxins. Values of lethal assays in animal models and binding affinities 
towards various ion channels were not extracted from the literature.  
SCORPION2 database is the first data warehouse of native scorpion toxins and 
artificial mutant toxins with integrated bioinformatics tools for systematic analysis of 
their structure-function relationships. It is publicly available at <http://sdmc.i2r.a-
star.edu.sg/scorpion/> and supersedes the earlier SCORPION database. SCORPION2 
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serves as a one-stop repository of currently available scorpion toxin data where 
SCORPION2 records are cleaned of errors and highly enriched with structure-function 
information from literature. Query, extraction, prediction and structure visualisation 
tools have been integrated to facilitate manipulation of large number of scorpion toxin 
data for analysis. In this chapter, the general steps involved in the implementation of 
data warehouse of scorpion toxins, the SCORPION2 and advantages of data 
warehouse in the field of toxin research over general databases are discussed. 
 
6.1 Data warehouse for information usage and knowledge discovery  
The completion and ongoing sequencing of various genome projects including 
three venomous animals (honey bee, sea urchin and duck-billed platypus) marked the 
beginning of biological research into ‘large-scale science’ of venomous animals 
(Collins et al., 2003). The large volume of biological data has posed an exciting 
challenge for researchers on how to extract information from raw data and transform 
the information into knowledge. These voluminous data are scattered in diverse 
biological databases with limited annotation. In the period of one year, 171 new 
publicly accessible databases were created, totaling 719 biological databases in 2005 
(Galperin, 2005). These databases play key roles in biological research.  
Easy access to diverse biological databases and efficient analyses of these data 
are important for interpretation of experimental results, discovery of new knowledge 
and planning research (Schonbach et al., 2000). However, the heterogeneous formats 
of the geographically diverse biological databases impede access to and extraction of 
useful information. These databases have different data formats, database management 
systems and data manipulation languages, among others. Different databases also 
encode data at various levels of complexity ranging from low-level data to high-level 
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information. Examples of low-level data are those that report experimental values as 
compared to high-level information (e.g. interpretation of data by domain experts), 
which are derived from the low-level data. Depending on the data that they contain, 
these databases serve different functions. 
General purpose sequence databases, such as GenBank (Benson et al., 2005), 
aim to expand and disseminate nucleotide sequence information. Another example is 
Swiss-Prot (Bairoch et al., 2004), a general database of protein sequences which 
focuses on building a high level of functional annotation of proteins, integrating with 
other databases and maintaining low-redundancy. In contrast to a general purpose 
database (e.g. Swiss-Prot), which contains all known protein sequences, a molecular 
biology data warehouse contains subject-orientated, integrated, non-volatile, expert-
interpreted collection of biological data (e.g. a family of proteins that have similar 
structures and functions) (Schonbach et al., 2000). The data warehouse involves 
integrating information on a specific subject from different databases, systems, and 
locations into a central database for more accurate and in-depth analysis of biological 
data, improved research planning and knowledge discovery. Non-volatile data means 
that data is never removed even though more data are added i.e. data is stable in a data 
warehouse1. Expert curation and annotation is essential to ascertain the relevance and 
accuracy of the entries in a biological data warehouse since the types of errors and 
inconsistencies can be domain-specific (Schonbach et al., 2000). The advantages of 
data warehouses include providing an integrated environment for consistency in 
naming conventions, measurement of variables and encoding data attributes 
(Schonbach et al., 2000) and eliminate potential technical and semantic heterogeneity 
(Karasavvas et al., 2004). 
                                                 
1 http://www.sdgcomputing.com/glossary.htm 
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These advantages motivated the author to build a data warehouse of scorpion 
toxins with the SCORPION2 database as an example of a bioinformatic platform for 
improved analysis of their complex structure-function relationships.  
 
6.2 Implementation of the data warehouse of scorpion toxins, SCORPION2 
Here the author describes the creation of SCORPION2 database which involve 
access to toxin data scattered across multiple databases, inspection for errors, analysis 
and classification of toxin sequences and their structures, and the design and use of 
predictive models for simulation of laboratory experiments (Tan et al., 2003). 
SCORPION2 serves as a valuable primary resource with integrated bioinformatic tools 
for analysis and prediction of structure-function relationships of scorpion toxins that 
may typically involve querying multiple resources.  
 
6.3 Materials and methods 
Public databases used for creation of the SCORPION2 database were: 
GenBank and Swiss-Prot for consolidation of scorpion toxin sequences, PDB for 
extraction of scorpion toxin PDB structures and PubMed (http://www.pubmed.gov/) 
for extraction of published scorpion toxin sequences not deposited in any databases, 
mutant scorpion toxin data, structure-function information and literature. The general 
steps of creating a biological data warehouse of scorpion toxins were implemented: 
data collection, data cleaning and data annotation. Homology models were also 
generated for scorpion toxins that lack 3D structures. 
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6.3.1 Data collection of native and mutant scorpion toxin sequences and their 3D 
structures 
For data collection of scorpion native toxin sequences, two strategies were 
employed: keyword and sequence similarity searches. A keyword search identifies 
sequences by comparing words or strings of characters through the written descriptions 
or annotated section of a database record while a sequence similarity search compares 
the sequences themselves. Keyword search “scorpion toxin” was performed in Swiss-
Prot, GenBank and PDB databases. The search results were screened for records 
containing scorpion toxins only which formed an initial dataset while irrelevant 
records (non-scorpion toxins such as snake, bacterial and plant toxins etc.) were 
removed. Each sequence in the initial dataset was subsequently submitted into the 
protein BLAST tool (blastp) with default parameters against the non-redundant (nr) 
database at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). The nr database removes 
redundant identical sequences to yield a collection of unique sequences which 
facilitates data cleaning. The aim of submitting scorpion toxin sequences into BLAST 
was to collect scorpion toxin sequences that were missed out by keyword searching 
because the latter approach is not exhaustive. For example, Opicalcines 1 and 2 from 
Opistophthalmus carinatus (Swiss-Prot ID: P60252 and P60253) were not picked up 
by the keyword search ‘scorpion toxin’ but by BLAST search using a query sequence 
of Imperatoxin from Pandinus imperator. The majority of biological records in general 
purpose databases have limited or no annotation, in particular the nucleotide data 
derived from sequencing of genomes where high throughput is the priority. Thus, 
sequence similarity search is needed to gather these records. 
Sequences in the BLAST results were compared against the initial dataset 
where relevant omitted sequences were added to the initial dataset. The process was 
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repeated until the initial dataset was exhausted. Published novel sequences not 
deposited in any databases were obtained using a literature search in PubMed and 
subsequent extraction of sequences from publications. The purpose of performing 
keyword and sequence similarity searches, and extracting sequences from literature 
was to generate a comprehensive dataset, which served as a better representation of the 
complete sequence information. 
Data of mutant scorpion toxins were extracted solely from literature by 
exhaustive keyword searches (e.g. ‘scorpion toxin’, ‘chemical modification’, 
‘mutation’, ‘mutant’, ‘alanine scanning’, ‘mutagenesis’, ‘analog’ and ‘chimera’) in 
PubMed. In a literature, each mutant toxin sequence was represented as an individual 
record. For example, if there were 15 unique mutant sequences in a literature, 15 
records were generated.  
 
6.3.2 Generation of homology models of scorpion toxins 
After the collection of scorpion toxin sequences and 3D structures, scorpion 
toxins that currently lack experimentally determined structures (e.g. x-ray 
crystallography or nuclear magnetic resonance) were inspected if homology models 
could be generated based on availability of template structures and pairwise alignment. 
The approach began with identification of the template sequence, which has an 
experimentally determined 3D structure in PDB and a high pairwise sequence identity 
to the query sequence also known as the target sequence. The cut-off sequence identity 
value between the template and target sequences was set at ≥30% where Rost (1999) 
demonstrated that 90% of the template-target pairs had similar structures. The 
alignment of the query sequence to the template structure was optimised and the 
homology model was generated using the automated homology modelling feature in 
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the SDPMOD server (Kong et al., 2004). The quality of each homology model was 
checked manually, facilitated by assessment by the PROCHECK program (Laskowski 
et al., 1993) and deposited into SCORPION2 database. 
 
6.3.3 Data cleaning 
Data errors were detected manually by comparison of records between public 
databases and referencing to original literature. Records were inspected primarily for 
errors in their primary sequences, disulfide linkages, functional annotation and toxin 
names. Inconsistencies in the reported primary sequences between original references 
were annotated in the toxin record field termed ‘Conflict’. Discrepancies in structural 
or functional information were annotated in a field called ‘Comment’. Duplicates or 
identical sequences belonging to the same scorpion species reported in different 
databases were detected by pairwise sequence comparison and combined as a single 
record with hyperlinks to each underlying database. Different names referring to the 
same toxin sequences were consolidated as synonyms. 
 
6.3.4 Data annotation 
Functional and structural information from original literature was annotated to 
each native toxin record. Examples of functional information included binding affinity 
towards specific ion channel subtypes, toxic symptoms observed upon administering to 
animal models or suggestion of possible interactive site. Structural information 
annotated included lengths of signal peptides and matured toxins, disulfide 
connectivity and post-translational modification (e.g. amidation). For records of 
mutant scorpion toxins, functional information extracted from literature included 
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changes in binding affinities towards specific ion channels and differences in lethal 
dosages in animal models compared with that of native toxin peptides. Structural 
information, such as disulfide connectivity and monitoring of changes in secondary 
structures of mutant sequences by circular dichroism spectroscopy, was also annotated 
in the mutant record. The annotated fields include citations for the articles in which the 
experimental data were reported. 
After collection, cleaning and annotation of the dataset, database creation was 
published on the internet using Templar (http://research.i2r.a-star.edu.sg/Templar/). 
Templar is a sub-system of BioWare which consists of four data warehousing modules 
for the retrieval, annotation, publishing and data updating of specialist molecular 
databases (Koh et al., 2004a). The organisation of the compiled data was designed 
using data warehousing principles (Schonbach et al., 2000) where SCORPION2 
records were maintained as flat-file format to facilitate easy data analysis, extraction of 
value-added interpretation of the data and database maintenance.  
 
6.4 Results 
The differences between SCORPION2 and SCORPION have been summarised 
in Figure 28. SCORPION2 contains more than 800 records of native and mutant 
scorpion toxins. Approximately 60% of records were extracted from literature. Of 624 
3D structures available in SCORPION2, 82 were extracted from the PDB database 
(Table 9) and 542 homology models of native and mutant toxins were generated using 
the comparative modeling tool, SDPMOD (Kong et al., 2004). Ten scorpion species 
previously not present in SCORPION are: Androctonus amoreuxi, Anuroctonus 
phaiodactylus, Babycurus centrurimorphus, Isometrus vittatus, Opisthacanthis 
madagascariensis, Opistophthalmus carinatus, Parabuthus granulatus, Tityus 
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fasciolatus, Tityus trivittatus and Tityus zulianus. Some 50 scorpion species are 
represented in SCORPION2. More than 400 newly added records of mutant toxin 
records were extracted exclusively from the literature. The number of literature 
references has increased to ~500. The newly added functional information includes 
binding affinity (>500 records) and toxicity (~200 records). 
The SCORPION2 interface provides hyperlinks to the corresponding entries of 
the relevant external databases. Errors were minimised to ensure high data quality by 
checking with original literature and cross-referencing across databases. Analysis of 
scorpion toxin data from public databases revealed the presence of numerous errors in 
the sequences, incomplete data, poor annotation and discrepancies of information for 
the same entry from different database sources. Examples of errors that were found in 
the scorpion toxin entries in major sequence databases are: wrong links between 
databases, different names for the same sequence, different sequences for the same 
toxin, missing links between databases, toxin names from journals not used in the 
database, and Swiss-Prot links to PDB structures of poor homology (Figure 29). 
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Figure 28 Statistics of SCORPION2 database on the number of records, 3D structures 





















































Figure 29 Number of records having errors or discrepancies summed by category of 
error during the initial collection of scorpion toxin records. The graph also shows the 
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Table 9 A summary of 82 scorpion toxin PDB structures available in SCORPION2. 
The structures are listed in alphabetical order according to scorpion species and 
divided into four broad groups of ion channel specificity, namely K+ (grey), Na+ 
(yellow), Ca2+ (green) and Cl (cyan) ion channels as of November 2005. Multiple 
structures of the same toxin are available for some toxins.  
 
Scorpion species Toxin name PDB identity 
Androctonus mauretanicus mauretanicus Kaliotoxin 1 2KTX, 1KTX 
 P01 1ACW 
 P05 1PNH 
Buthus eupeus BeKm-1 1J5J, 1LGL 
Buthus martensi Karsch BmKTX 1BKT 
 BmP01 1WM7 
 BmP02 1DU9 
 BmP03 1WM8 
 BmTx1 1BIG 
 BmBKTx1 1Q2K, 1R1G 
 BmKK2 1PVZ 
 BmKK4 1S8K 
 BmK X 1RJI 
 BmTx2 2BMT 
 BmTx3 1M2S 
Centruroides limbatus Hongotoxin 1 1HLY 
Centruroides margaritatus Margatoxin 1MTX 
Centruroides noxius Cobatoxin1 1PJV 
 Noxiustoxin 1SXM 
 Ergtoxin 1NE5, 1PX9 
Heterometrus fulvipes Hefutoxin 1 1HP9 
Heterometrus spinnifer HsTx1 1QUZ 
Leiurus quinquestriatus hebraeus Agitoxin 2 1AGT 
 Charybdotoxin 2CRD 
 Leiurotoxin I 1SCY 
 LQH 18-2 1LIR 
Opisthacanthus madagascariensis IsTx 1WMT 
 OmTx1 1WQC 
 OmTx2 1WQD 
 OmTx3 1WQE 
Orthochirus scrobiculosus Osk1 1SCO 
Pandinus imperator Pi2 2PTA 
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Pandinus imperator Pi3 1C49 
 Pi4 1N8M 
 Pi7 1QKY 
Scorpio maurus palmatus Maurotoxin 1TXM 
Tityus cambridgei Tc1 1JLZ 
Tityus serrulatus Butantoxin 1C55, 1C56 
 Ts κ 1TSK 
 TsTx K α  1HP2 
   
Androctonus australis Hector AaH2 1AHO, 1PTX 
Buthus martensii Karsch Bm α TX12 1OMY 
 BmK IT-AP 1T0Z 
 BmK M1 1DJT, 1SN1 
 BmKM2 1CHZ 
 BmKM4 1SN4 
 BmKM7 1KV0 
 BmKM8 1SNB 
Centruroides exilicauda CsE V1 1VNA, 1VNB 
 CsEI 1B3C, 2B3C 
Centruroides noxius Cn2 1CN2 
 Cn12 1PE4 
Centruroides sculpturatus CsE V 1NRA, 1NRB 
 CsE V2 1JZA, 1JZB 
 CsE V3 2SN3 
 CsE V5 1I6F, 1I6G, 1NH5 
Hottentotta judaica Bjxtr IT 1BCG 
Leiurus quinquestriatus hebraeus Lqh α IT 1LQH, 1LQI 
 Lqh3 1BMR, 1FH3 
Leiurus quinquestriatus quinquestriatus Lqq3 1LQQ 
Mesobuthus tamulus A neurotoxin 1DQ7 
Tityus serrulatus TsTx-VII 1B7D, 1NPI 
   
Scorpio maurus palmatus Maurocalcine 1C6W 
Pandinus imperator Imperatoxin A 1IE6 
   
Leiurus quinquestriatus hebraeus Chlorotoxin 1CHL 
Mesobuthus eupeus Insectotoxin I5A 1SIS 
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6.4.1 Database description 
Five bioinformatics features as available in the earlier SCORPION database 
(Srinivasan et al., 2002a) are: Search Scorpion, BLAST Scorpion, Download 
FASTA, Scorpion Structure and Annotate Scorpion. A new query tool, Activity 





























Figure 30 Site map of SCORPION2 database. The six oval shapes represent 
bioinformatic tools available in the database.  
  
Users can search for scorpion toxin entries using the Search Scorpion feature 
by keywords (e.g. beta toxin, potassium, non-toxic etc.), the specific ion-channel (e.g. 
sodium, calcium etc.) or scorpion species. The new Activity Scorpion feature allows 
query of scorpion toxin activity through scorpion species, routes of toxin 
administration or animal models using logical operators (AND, OR). For example, 
comparison of LD50 values by route of toxin administration can be performed by 
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checking ‘intracerebroventricular’, ‘subcutaneous’ and ‘AND’ options. The LD50 
values listed corroborates that toxicity in mammalian models are more toxic via 
intracerebroventricular than subcutaneous route (Gordon and Gurevitz, 2003). This 
search tool enables identification of the most active toxins in different scorpion 
venoms where envenomation treatment can be developed (Theakston et al., 2003; 
Gazarian et al., 2005). Knowledge of scorpion toxin lethality is important as scorpion 
stings remains a public health issue (Theakston et al., 2003; Gazarian et al., 2005). The 
results of Search Scorpion and Activity Scorpion features are displayed as lists in a 
tabular form containing brief descriptions of the records with hyperlinks to individual 




Figure 31 The web interface of the SCORPION2 database. The left frame provides for 
selection of the various search, extraction and predictive tools. The larger right frame 
is an example of the output list (partial) of entries that match route keyword search 
‘intracerebroventricular’ and ‘subcutaneous’. The accession number fields in the table 
contain hyperlinks to the full entries in the SCORPION2 database. 
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The BLAST Scorpion feature enables the user to perform sequence 
comparison using the BLAST (Altschul et al., 1997) algorithm. A query sequence, 
either amino acid or nucleotide, can be compared against all scorpion toxin sequences 
available in the SCORPION2 database. The users can get the results in either standard 
BLAST search output or colour-coded multiple sequence alignment generated by the 
Mview program (Brown et al., 1998). The colour-coded alignments indicate the 
positions of conserved and homologous amino acids in the multiple sequence 
alignment generated using BLAST searches (Figure 32). 
 
 
Figure 32 BLAST result upon submission of maurotoxin from Scorpio maurus 
palmatus. Sequences in the SCORPION2 database that are most similar to maurotoxin 
are ranked in descending order. Positions of amino acid conservation are coloured in 
the Mview format. 
 
The Download FASTA feature enables users to download FASTA formatted 
files (Pearson, 1990) of amino acid and nucleotide sequences from the SCORPION2 
database for sequence analyses of their toxins of interest. The FASTA formatted files 
are available as zip-compressed files.  
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The Scorpion Structure feature allows users to view and study available 3D 
structures through either Jmol (http://www.jmol.org/) or Chime 
(http://www.mdli.com/downloads/) viewer. In addition, users can download the 3D 
structures in PDB format. These structures include 82 structures extracted from the 
PDB database and 542 homology models generated for native and mutant toxins as of 
November 2005. Information on structural template and pairwise sequence identity 
between template and target (ranging from 32.8 to 100%) are provided in the 
corresponding SCORPION2 records for each homology model. The quality of each 
homology model was evaluated by the PROCHECK (Laskowski et al., 1993) program 
and has a Ramachandran plot which can be accessed through a hyperlink. Various 





Figure 33 Visualisation of scorpion toxin 3D structures using Jmol. Various schemes 
of displays such as wireframe, spacefill and sticks are available. 
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The prediction tool, Annotate Scorpion, automatically generates putative 
functional annotation for the scorpion toxin being queried (discussed in Chapter 5). 
The annotation result contains the following predicted properties of the query 
sequence: subfamily of the toxin, ion channel specificity, mechanism of action, nearest 
neighbour analysis by sequence similarity, and the target cell type. This feature 
provides multiple sequence alignment, using Clustal W (Thompson et al., 1994), of the 
test sequence along with the nearest neighbour sequences available in the database. 
The inbuilt intelligence of the Annotate Scorpion feature helps the annotation of the 
fragments of the toxin sequences and identifies novel subfamilies of the query 
peptides. 
 
6.4.2 Description of the SCORPION2 records 
SCORPION2 entries contain fields described in the earlier version of the 
database (Srinivasan et al., 2002a): Date, Accession, References, Species, Name, 
Mechanism of Action, Toxin_action, Activity, Interaction_site, Target_cell, Toxin 
Type, Structure, Disulfide, Alpha_helix, Beta_strand, C_end, Sequence, Designation, 
Translation, AA Alignment, Conflict, and Comment. New fields that contain 
functional, structural, or other relevant information have been added to SCORPION2. 
A summary of fields in a SCORPION2 full data record is given in Table 10. The 
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Table 10 Description of fields in a SCORPION2 record. The field values may be 
textual, numeric or empty and can be generally divided into database, functional and 




DBACC Unique accession number “D” follows by six-digit number 
Date Entry date of record 
Last_updated Last date of updating with relevant literature or information 
Accession 
Cross-references to corresponding records in GenBank, EMBL, DDBJ, 
Swiss-Prot and PDB databases if available 
Reference 
Publication references and hyperlinks to the PubMed database, containing 
the author names, title and journal reference 
Functional fieldnames 
Species Biological and common name of the scorpion 
Name List of names used in the literature or a specific toxin name 
Mechanism of action Description of the biological mechanism of the toxin activity 
Toxin action Nature of toxin 
Activity Potency of toxin 
Target cell Species specificity of toxin 
Toxin type Subfamily of toxin 
Toxin effect Symptoms observed in animal models upon toxin administration 
Binding affinity Binding affinity of toxin towards a target ion channel 
Channel 
Target ion channel. Source of ion channel is enclosed in parenthesis if 
available 
Interaction site Suggest possible residues involved in function of toxin 
Comment Any relevant functional or structural observations 
LD50, ED50 or PU50 
Lethal dosage, effective dosage or paralytic unit at 50% upon administering 
toxin into animal models, respectively 
Injection route Route of administering the toxin into the animal models 
Source Source of the toxin 
Origin Either native or mutant toxin 
Rel_activity Relative toxicity of mutant toxin 
Rel_binding_affinity Relative binding affinity of mutant toxin 
Mutation 
Highlights the position and mutation of the sequence such as amino acid 
substitution, insertion and deletion 
Structural fieldnames 
Structure 
Access to PDB toxin structures, homology models and other related 
structural information 
Ramachandran Access to a Ramachandran plot of each homology model generated 
CD_spectrum Annotate circular dichroism spectrum of mutant toxin sequence 
Cys_arrangement Cysteine motif with number of intervening residues (X) in parenthesis 
Disulfide Positions of the residues involved in disulfide bridges 
Disulfide_arrangement 
One of the eight types of disulfide connectivity patterns currently observed 
in 393 native scorpion toxin entries 
C_end 
Nature of C-terminus whether free or post-translationally modified e.g. 
amidated, sulfoxide 
Sequence designation Can be a precursor, mature or a partial sequence toxin 
Translation 
Complete amino acid sequence of toxin with the disulfide pattern, together 
with the signal peptide if present 
AA Alignment Information on the groupings of scorpion toxins 
Sequence 
Nucleic acid sequence of toxin that describes both the introns and exons if 
available 
Conflict 
Observations regarding amino acid discrepancies between records 
representing the same sequence in different databases 
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The fields for the database category are as follow. A unique accession number 
‘DBACC’ has been assigned to each of the records in the SCORPION2 database. The 
format begins with ‘D’ follows by a six-digit number. This field is followed by the 
‘Date’ and ‘Last_updated’ which identifies the entry date and date of updating with 
relevant information, 3D structures or literature. The field ‘Accession’ contains 
hyperlinks to corresponding accession numbers in public databases GenBank, EMBL, 
DDBJ, Swiss-Prot, and PDB. The field ‘References’ provides publication references 
and hyperlinks to the PubMed database. It contains the author names, title and the 
journal reference. The ‘Comment’ field has been reserved for any relevant comments 
or observations. 
Functional information is provided in the following fields. The field ‘Species’ 
gives the biological and trivial name of the scorpion. The ‘Name’ field contains a list 
of names used in the literature or a specific name, for example “Neurotoxin KTX2 
(BmSKTx2) (Bm KK3)” and “makatoxin”. Some entries have only one name, while 
some are known by multiple names. A brief description of the biological mechanism of 
the toxin activity (such as whether the toxin interacts with Na+ or K+ channel) can be 
found in the field ‘Mechanism of Action’. The ‘Toxin_action’ and ‘Activity’ fields 
describe the nature of the toxin and its potency. These fields ‘LD50’, ‘ED50’ or ‘PU50’ 
describe the lethal dosage, effective dosage and paralytic unit at 50% upon 
administering toxin into animal models, respectively. The animal models are enclosed 
within parenthesis. ‘Injection_route’ is the route of administering toxins into the 
animal models. Information on binding affinity of a toxin towards a particular ion 
channel is provided in ‘Binding_affinity’ and ‘Channel’ fields, respectively. The 
source of the experimented ion channel, if available, is found in parenthesis in the 
‘Channel’ field. The possible amino acid residues critical for toxin-channel 
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interactions are provided in the field ‘Interaction_site’. The species specificity of the 
toxins is provided in the field ‘Target_cell’. The ‘Toxin Type’ field specifies the 
subfamily of the given toxin. Source (venom, recombinantly expressed, chemically 
modified and chemically synthesized) of the toxin entries are found in ‘Source’. 
Mutant and wild type toxin entries can be differentiated by either Mutant or Native in 
‘Origin’. The relative effect of mutation on the activity and binding affinity can be 
obtained from the fields ‘Rel_activity’ and ‘Rel_binding_affinity’. The ‘Mutation’ 
field highlights the position and mutation of the sequence such as amino acid 
substitution, insertion and deletion. Regions of mutation are highlighted in the primary 
sequence.  
The ‘Structure’ field gives direct access to the 82 3D structures and other 
related structural information found in the PDB database. In addition, SCORPION2 
contains homology models for 542 toxins that currently lack experimentally 
determined 3D structural information. The phi (Cα-N bond) versus psi (Cα-C bond) 
torsion angles for all residues in the homology model can be assessed from the 
‘Ramachandran’ field. Mutation studies which included circular dichroism 
spectroscopy to determine if mutation affected structural folding are annotated in the 
‘CD_spectrum’ field. The positions of the residues involved in disulfide bridges, α-
helices or β-strand formations are described in the fields ‘Disulfide’, ‘Alpha_helix’ 
and ‘Beta_strand’, respectively. The phrase “BY SIMILARITY” in the ‘Disulfide’ 
field stands for putative disulfide bridges determined by similarity to known structures. 
‘Disulfide_arrangement’ describes one of the eight types of disulfide connectivity 
patterns currently observed in 393 native scorpion toxin records. Information regarding 
the nature of the C-terminal, whether free or post-translationally modified can be 
obtained from the field, ‘C_end’. The ‘Sequence Designation’ field describes whether 
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a particular entry is a precursor sequence, a mature toxin or a partial sequence. The 
complete amino acid sequences of the toxin with the disulfide pattern, together with 
the signal peptide if present, are displayed in the field ‘Translation’. The disulfide 
bridges, the signal peptide and the mature toxin are distinctly colour coded for easy 
identification and clear understanding. The field ‘AA Alignment’ provides the 
information on the classified groups of scorpion toxins. This feature of the 
SCORPION2 database is based on multiple sequence alignment of sequences and a 
unified grouping of toxins, created using Clustal W (discussed in Chapter 3). The Na+ 
channel toxins are classified into 18 groups based on sequence similarity and the 
position of other conserved residues. Similarly, the K+ channel toxins have been 
classified into 32 groups. The Cl- channel toxins, scorpion defensins and other short-
chain neurotoxins are grouped separately. All the information on the groupings of 
scorpion toxins can be obtained from the field ‘AA Alignment’. The nucleic acid 
sequences of the toxins that describe both the introns and exons are shown, where 
available, in the ‘Sequence’ field. The field ‘Conflict’ contains observations regarding 
amino acid discrepancies between records representing the same sequence in different 
databases.  
 
6.5 Discussion and conclusion 
SCORPION2 is an improved resource of native scorpion toxins and artificial 
mutant toxins with integrated bioinformatics tools for systematic analysis of their 
structure-function relationships. Inclusion of mutant scorpion toxins provides 
information on amino acid identities and positions that may affect toxin function and 
fold. Designed using data warehousing principles, SCORPION2 is subject-orientated 
which provides a knowledge base to focus on and analyse scorpion toxin data. 
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SCORPION2 is a platform where bioinformatic analyses (Chapters 3 and 4), 
development of extraction and prediction tools for structure-function relationships of 
scorpion toxins (Chapter 5) are integrated. It is also an example of how to bridge the 
gap between the fast-paced accumulation of scattered data and their proper 
management for better utilisation of the current knowledge. It is also intended to allow 
users to make use of the bioinformatic tools and link them to experimental design in 
the study of scorpion toxins.  
The SCORPION2 is an integrated resource of scorpion toxin data (3D 
structures, native and mutant toxin sequences) largely compiled from published reports 
and public databases by keyword and sequence similarity searches. Errors were 
eliminated by cross-referencing of entries with original papers and other databases. 
The enlarged and cleaned dataset serves to better represent the current knowledge of 
their structure-function relationships. The steps of data cleaning, consistency check 
and data annotation are crucial for the attainment of high quality data which further 
facilitate detailed analyses. These steps are the most difficult and most time-consuming 
in the creation of the database. Full automation of annotation helps speed up the 
process but may introduce false positives and false negatives. Manual annotation by 
domain expert is more accurate and complete than automated annotation but introduces 
a degree of random errors not found with automated annotation (Ding et al., 2004). 
Therefore, combining fast automated process with accurate expert inspection could 
enhance the annotation process. This ideal semi-automated environment provides a 
human annotator to confirm, edit or reject automatically generated annotations of 
records. 
The unique and novel aspects of the SCORPION2 includes i) 548 newly 
created homology models which are not available elsewhere, and ii) the functional 
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prediction module which enable users to infer new knowledge from existing scorpion 
toxin data. Important structural and functional information can be extracted from 
mutant toxin records. This information coupled with the available 3D structures 
provides users with an easy access to information related to potential structure-function 
relationships for uncharacterised toxins. The prediction tool helps annotation and 
determination of functional properties of novel peptides. The architecture of the 
SCORPION2 database allows for easy integration of bioinformatic tools for additional 
analyses of scorpion toxin data. 
SCORPION2 database is a model for management of molecular data of toxins 
of various venomous animal species. By creating data warehouses of toxins, 
researchers have the access to more complete data sets for further analysis and 
interpretation than is available in general-purpose databases. The data warehouses of 
toxins integrated with analysis tools will enable classification of the data and 
application of data mining methods for discovery and extraction of new knowledge. 
The large-scale analysis of structure-function relationships of various toxins could 




• The highlight of this chapter is the implementation of SCORPION2 database. It 
is the first data warehouse of native and mutant scorpion toxins with integrated 
bioinformatics tools for users to analyse their structure-function relationships 
and aid research planning and knowledge discovery. It is an improved resource 
of scorpion toxin data (nucleotide and primary sequences, 3D structures and 
relevant references) where users need not query multiple resources. 
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• The creation of SCORPION2 involves multiple steps: 1) access to toxin data 
across multiple databases, 2) inspection and subsequent cleaning of errors, 3) 
annotation of structure-function information from literature, 4) analysis and 
classification of toxin sequences and their structures, and 5) the design and use 
of predictive models for simulation of laboratory experiments. 
• The success of SCORPION2 serves as an example for the management of 
molecular toxin data from various venomous animals where the gap between 
the fast-paced accumulation of scattered toxin data and their proper 
management can be bridged.  
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Part III: Chapter 7 Exploring bioinformatic approaches for 
functional prediction of bioactive 





‘The best computer is a man, and it’s the 
only one that can be mass-produced by 
unskilled labor.’ 
 
Wernher Magnus Maximilian von Braun  
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Scorpion toxins are important pharmacological tools for probing the physiological 
roles of ion channels which have significant therapeutic potential for an array of 
medical disorders (Rodriguez de la Vega et al., 2003; Blank et al., 2004; Bagdany et 
al., 2005). The discovery of new scorpion toxins with different specificities and 
affinities is needed to further characterise the physiology of ion channels. However, to 
serve as effective probes, the new toxins identified must not only be specific but also 
bind with high affinity to targeted ion channel. Binding affinity data of native and 
artificial mutant scorpion toxins to various ion channel subtypes are available in the 
literature. These data can be used to develop a tool for predicting toxin strength of 
binding affinity to specific ion channel. Accurate prediction of toxin binding strength 
facilitates identification of high-affinity toxin binders which improves efficiency and 
the economy of experimentation.  
This is the first report of a prediction tool based on a bioinformatic-driven 
approach involving sequence comparison, nearest neighbour analysis, decision rules, 
scaled binding affinity data, and functional motifs (discussed in Chapter 4) to predict 
strength of binding affinity to ion channels in the field of venom research.  
 
7.1 Materials and Methods  
Native and artificial scorpion toxin data were collected and enriched with 
binding affinity information from literature (discussed in Section 6.3). A test set of 26 
newly identified scorpion toxins with experimentally determined binding affinity data 
was used for evaluating the prediction accuracy. Binding affinity data were scaled to a 
common scale (discussed in Section 4.1.1) and classified into four categories, namely 
‘non-binding’, ‘low’, ‘medium’ and ‘high’ binding (Table 11). These four categories 
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were used for sequence comparison of toxin sequences. The functional motifs specific 
to Na+ and K+ channels (discussed in Section 4.2) were incorporated into an algorithm 
for predicting ion channel specificity and strength of binding affinity. A flowchart of 
the approach is available in Figure 34.  
 
 
Table 11 Four categories of strength of binding affinity were introduced, namely 
‘Non-binding’, ‘Low’, ‘Medium’ and ‘High’ from the mapping of binding affinity to a 
common scale discussed in Section 4.1.  































Collect binding affinity data of native and mutant scorpion toxins
Map sodium and
potassium binding affinity
data to four categories
Incorporate functional
motifs of sodium and
potassium toxins
Submit query
Prediction algorithm by sequence comparison,
nearest neighbour analysis and rule-based
Predict ion channel specificity and
strength of binding affinity
 
Figure 34 Flowchart of predicting ion channel specificity and strength of binding 
affinity. 
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7.1.1 Algorithm for predicting strength of binding affinity of scorpion toxins 
Prediction of strength of binding affinity to K+ and Na+ ion channels was 
performed by modifying the algorithm described in Section 5.2.2. This modified 
module also combines sequence comparison, nearest neighbour analysis and decision 
rules for assigning a putative classification of a query sequence to a structure-function 
group. The grouping of the query to similar sequences permits nearest neighbour 
analysis to assign the scaled binding affinity data in the neighbour sequences to the 
query. For example, if the query matched neighbour sequences with ‘High’ and ‘Very 
high’ mapped affinities, it was predicted as ‘High’ affinity and so forth with prediction 
of ‘Medium’, ‘Low’ and ‘Non-binding’ categories. The query sequence was also 
compared against scorpion mutant toxin data by BLAST program (Altschul et al., 
1997) where residue(s) in the query sequence that matched with mutations had the 
relative binding affinity information extracted. If residues in the query did not match 
any mutation, it was compared against the functional motifs (discussed in Section 4.2) 
to highlight the positions and identities of amino acids in the query sequence, which 
may affect strength of binding affinity. 
 
7.2 Results 
The accuracy of predictions was validated by submitting 26 newly identified 
scorpion toxins with experimental data. All predictions of ion channel specificity were 
correct (100%) (Table 12). For strength of binding affinity, two agreed with 
experimental data (7.7%) (Meki et al., 2000; Alami et al., 2003) (Figure 35, Figure 
36), three were wrong (11.5%) and 21 were not predicted (80.8%). The tool also 
highlighted positions and residues in the query sequence which may affect the strength 
of binding affinity. 
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Validation with experimental data has shown that this approach is not 
predictive in the strength of binding affinity of scorpion toxins to ion channel. Thus, 
there is a limit to the use of bioinformatics in prediction of toxin-binding strength but 
not specificity to ion channels.  
 
 
Table 12 Predicted ion channel specificity and strength of binding affinity for 26 
newly identified scorpion toxins with experimental data. Toxins are arranged 
alphabetically. Pu represents prediction, Ex represents experimental data, * represents 
not predicted, NB, L, M and H represent non-binding, low, medium and high binding, 
respectively. K and Na represent potassium and sodium ion channels, respectively. 
Toxin name Ion channel Strength Reference 
 Pu Ex Pu Ex  
AmmTX3 K K L M Vacher et al., 2002 
AmmVIII Na Na M M Alami et al., 2003 
Anuroctoxin K K * M Bagdany et al., 2005 
BmK37 K K * M Xu et al., 2004a 
BmKIM2 Na Na * L Peng et al., 2002 
BmKSKTx1 K K * L Xu et al., 2004b 
BotIT6 Na Na * M Mejri et al., 2003 
BtK-2 K K * L Dhawan et al., 2003 
Cn12 Na Na * L del Rio-Portilla et al., 2004 
CsEKerg1 K K * M Nastainczyk et al., 2002 
Discrepin K K * M D'Suze et al., 2004a 
IsTx K K * L Yamaji et al., 2004 
Kbot1 K K * M Mahjoubi-Boubaker et al., 2004 
KTX3 K K M M Meki et al., 2000 
Lqh6 Na Na NB M Hamon et al., 2002 
Lqh7 Na Na NB M Hamon et al., 2002 
Lqhβ1 Na Na * H Gordon et al., 2003 
Tc30 K K * L Batista et al., 2002a 
Tc32 K K * M Batista et al., 2002a 
Tc48a Na Na * M Batista et al., 2004 
TsPep1 K K * NB Pimenta et al., 2003 
TsPep2 K K * NB Pimenta et al., 2003 
TsPep3 K K * NB Pimenta et al., 2003 
TtBut-toxin K K * L Coronas et al., 2003a 
Tz1 Na Na * L Borges et al., 2004 
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Figure 35 Prediction of the binding affinity of KTX3 from Buthus occitanus 
tunetanus. It is predicted to target K+ channel with medium binding affinity which 
agrees with experimental results (IC50 = 0.05 nM) (Meki et al., 2000). The positions 
and residue identity in the query sequence that do not coincide with the functional 
motifs are highlighted.  
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Figure 36 Prediction of the binding affinity of AmmVIII from Androctonus 
mauretinicus mauretinicus. It is predicted to target Na+ channels with medium binding 
affinity which agrees with experimental results (EC50 = 29 nM and 416 nM) (Alami et 
al., 2003). The positions and residue identity in the query sequence that do not 
coincide with the functional motifs are highlighted. 
 
7.3 Discussion and conclusion 
The application of bioinformatic approach to functional prediction of binding 
affinity of scorpion toxins to ion channels was explored in this chapter. There are 
several possible reasons for the poor performance in predicting strength of binding 
affinity where majority were not predicted. First, the number of binding affinity data 
available is insufficient. The pharmacological data for many scorpion toxins remain to 
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be determined. With no binding affinity information, nearest neighbour analysis cannot 
ascribe an unknown function in the nearest neighbour to the query. Second, the 
sequence similarity of the query is too diverse where no nearest neighbour is found as 
observed in the new groups proposed for the newly identified scorpion toxins 
(discussed in Chapter 3). Third, toxin-channel binding processes are extremely 
complicated, determined by many factors such as shape and size complementary, 
hydrophobicity and polarity. Also, toxins and channel proteins are flexible molecules, 
and the energy inventory between the bound and unbound states must be considered in 
aqueous solution (Gohlke and Klebe, 2002). This information cannot be captured by 
primary sequence similarity. Lastly, the algorithm may be inadequate to solve the 
prediction of toxin binding strength to ion channels. 
In conclusion, the prediction of strength of binding affinity of scorpion toxins 
to ion channels cannot be achieved with the nearest neighbour method. The limits of 
the current approach have been explored in this work and as new data become 
available, the situation might change. 
 
Chapter summary 
• There is a need to discover new scorpion toxins with high specificities and 
affinities for further physiological characterisation of the ion channels. 
• Accurate prediction of toxin binding strength aids identification of high binders 
where weak or non-binders need not be tested, thus improving the efficacy of 
experimentation. 
• The limits of the current approach to predict toxin binding strength was 
explored as validated by experimental data.  
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‘Life is a continuous exercise in creative 
problem solving.’ 
 
Michael J. Gelb 
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The introduction of bioinformatics as a discipline in the last quarter of the 20th century, 
it has revolutionised the approach in which biological research is conducted. 
Researchers are increasingly conducting searches in public databases for characterised 
sequences that match their sequences before conducting experiments to determine their 
function. Bioinformatics narrows down the number of essential experiments needed 
and thus expedites the discovery process. In this work, the author employed a top-
down approach which serves as an emerging alternative strategy for prediction of the 
structural and functional properties of the large pool of uncharacterised scorpion toxins 
in contrast to traditional experimental bottom-up approach. Coupling both approaches 
have the advantage of reducing laborious and time-consuming bench work. 
In this thesis, application of bioinformatics to venom research was 
accomplished by data collection, cleaning and enrichment, classification and analyses, 
development of prediction tool, and implementation of specialised data warehouse of 
bioactive toxins in scorpion venom as an example. During the process of data 
collection and cleaning the public database records, several errors in the data were 
identified and corrected. Examples include high redundancy due to maintenance of the 
same sequence in different public databases, discrepancies in primary sequences and 
conflicting annotation. More biological data artifacts, which affect accuracy of data 
mining has been studied by Koh et al. (2004b). Data checking and correction are thus 
critical for the improvement of data quality. Interpretation of unclean data is normally 
inaccurate and errors will be propagated in subsequent analysis where high data quality 
is important for accurate predictions. Further, the basic information in the records 
prevented application of data mining. Thus, annotation of functional and structural 
information from literature to records was manually performed to improve the data 
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quality. However, manual annotation does not scale up to capacities needed for large-
scale analysis of bioactive toxins.  
Proper data classification is also needed for the accuracy of predictions. There 
are two principal approaches taken for data classification, manual and automatic. 
Manual classifications are based on human expertise, facilitated by bioinformatic 
analyses, to cluster data into particular groups that share common properties defined by 
domain experts. Examples include the manually curated Swiss-Prot and PROSITE 
databases. The other approach is automatic classifications which depend on algorithms 
or models to generate matrices for similarity or distance that are then processed to 
determine these groups. Examples of automatic classification algorithms include self-
organised maps, artificial neural network, and support vector machines which belong 
to the fields of artificial intelligence and machine learning (Kapetanovic et al., 2004). 
ProDom and DOMO (Gracy and Argos, 1998) among others, address classification 
more systematically with automated processes that classify entire protein sequence 
databases. The advantage of manual classification is the high quality of clustering but 
the final classification result may be irreproducible because of differences in the 
experts’ knowledge. In contrast, automation is fully reproducible because of fixed rules 
written in computer programs and scalable to large data set.  
A combination of different bioinformatic approaches was performed for the 
large-scale analyses of toxin data. Multiple alignments of protein sequences are an 
effective way of identifying conserved amino acids that provide clues to functional 
relationships among proteins. The patterns of amino acid variability in multiple 
sequence alignments reveal evolutionary pressure, mutation, recombination and 
genetic drift that spans millions of years (Valdar, 2002). Conserved residues among 
related toxin families are usually involved in functional properties of the peptides 
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(Gilquin et al., 2002). Closely interlinked with functional properties of proteins is the 
correct structural folding of proteins. A linear protein sequence must be folded 
correctly in spatial organisation for maintaining the optimal positions of functional 
residues on the protein molecule for interaction. Thus, 3D analysis helps understand 
spatial properties and molecular structure of toxins, which provide clues for 
identification of interaction sites and key structure-function features. The key 
structure-function information from mutation studies of toxins is extracted from the 
literature for analyses and extraction of functional motifs. Therefore, a combinatorial 
approach to analyse toxins, as demonstrated in this work, can greatly enhanced 
understanding of their molecular function. 
Prediction of a protein function from primary sequence and tertiary structure is 
a challenging issue, because homologous proteins often have different function. 
Though detailed studies on determination of a function in isolated bioactive toxin are 
performed, researchers cannot be confident that the toxin’s full repertoires of 
biological activities are known. Many methods of function prediction rely on 
identifying similarity in sequence and structure between a protein of unknown function 
and one or more characterised proteins (Whisstock and Lesk, 2003). Prediction of 
function from protein sequence based on detecting sequence similarity or matching 
motifs have two main weaknesses. First, a similar protein must be available for 
comparative analysis else prediction is not made. For instance, Annotate scorpion tool 
cannot predict functional properties of κ-hefutoxins from Heterometrus fulvipes 
because no similar sequence was found to adopt a hairpin structure of two short helices 
cross-linked with two disulfide bridges (Srinivasan et al., 2002b; Nirthanan et al., 
2005) which is different from the CSH fold in majority of scorpion toxins. Second, at 
least one of the similar proteins must be characterised in order for inference of 
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function. When this fail, new methods which are not reliant on alignments are 
appearing such as gene neighbour, inductive logical programming and text analysis 
(Dobson et al., 2004).  
The implementation of specialised data warehouse helped to systematise the 
approach for in-depth analysis and discovery of new knowledge of bioactive toxins in 
scorpion venom where it captures domain expertise in the analysis and interpretation 
of the classified toxin sequences. The author envisages this database as a model for 
management of molecular data of toxins of various venomous animal species. A 
collection of different specialist toxin databases provides researchers access to the 
most complete toxin data sets for further analysis, interpretation and formulating 
hypotheses. The integrated analysis tools in the specialist toxin databases will enable 
researchers to classify the toxin data and apply data mining methods for discovery and 
extraction of new knowledge. The large-scale analysis of structure-function 
relationships of various toxins, supported by bioinformatics, could aid understanding 
of the correlation among different toxins. 
 
Chapter summary 
• Bioinformatics, when applied appropriately by researchers, helps in 
determining the key experiments to be undertaken, thus improving the 
efficiency of biology research.  
• In this work, bioinformatics was successfully applied to scorpion venom 
research by data collection, cleaning and enrichment, classification and 
analyses, development of prediction tool, and implementation of specialised 
data warehouse of bioactive scorpion toxins. Data cleaning and enrichment is 
essential for maintaining high data quality needed for accurate prediction. 
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• A combination of different bioinformatic approaches such as analyses of 
information from mutation studies, multiple sequence alignments and 3D 
structures was performed for the large-scale analyses of scorpion toxin data.  
• Creation of the scorpion toxin data warehouse aids systematic analysis and 
discovery of new knowledge of bioactive toxins in scorpion venom. 
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‘Concern for man himself and his fate 
must always form the chief interest of all 
technical endeavors, concern for the great 
unsolved problems of the organisation of 
labor and the distribution of goods – in 
order that the creations of our mind shall 
be a blessing and not a curse to mankind. 
Never forget this in the midst of your 
diagrams and equations.’ 
 
Albert Einstein 




This work started with an investigation of the use of bioinformatic-based approach to 
the large-scale study of structure-function relationships of scorpion toxins. By the 
systematic application of bioinformatics to scorpion venom research, this work has 
defined the novel field of venominformatics. Because this thesis is to his knowledge 
the first research project that deals systematically with bioinformatics in venom 
research, the author had to take a narrow focus, covering only bioactive toxins from 
scorpion venom. The author focused on the classification, analyses, development of 
predictive tool and creation of scorpion toxin data warehouse for large-scale study of 
scorpion toxins. By completing this project, the author has advanced the knowledge 
about the bioinformatic-based approach in venom research. The author now 
summarises his conclusions. 
 
9.1 Large-scale classification 
Large-scale classification of all known toxins according to their function is 
necessary for clarifying the current knowledge, including an overview of the functional 
repertoire of the toxins. Such knowledge will facilitate functional assignment of newly 
identified bioactive toxins. Large-scale classification is an important step towards 
effective information management where relevant biological information can be 
retrieved from vast amounts of toxin data. Classification of related biological 
sequences can be used to predict the function of an unknown sequence based on 
inference of homology between the unknown and the characterised sequences in a 
class.  
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Here, the author has described a systematic large-scale classification of 393 
currently known scorpion toxin sequences into 62 groups based on ion channel 
specificity and primary sequence similarity, combined with multiple sequence 
alignments and phylogenetic analyses. With a large repository of toxin sequences, a 
broad perspective of the general patterns in their structure and function can be 
observed. This present large-scale classification of different toxins relates to current 
knowledge of the field and as more information becomes available in the future, it is 
expected that revision of classification will be necessary. This classification approach, 
as a generic tool, can be applied to large-scale classification of other bioactive toxins 
and families of bioactive peptides. 
 
9.2 Large-scale analysis 
With the accumulation of toxin data and increasing information of their 
complex structure-function properties, there is a need to develop new computational 
strategies for extraction of information from low-level raw data to support large-scale 
venom research. The large-scale analysis of structure-function relationships of various 
animal toxins could draw more accurate inferences and aid our understanding of the 
correlation among different toxins.  
The approach to include structure-function information from mutation studies 
of scorpion toxins combined with multiple sequence alignment and 3D structure 
analyses provide biological significance to the extraction of functionally relevant 
motifs, complementing motifs obtained statistically. This work reports the first binding 
motifs for four K+ ion channel subtypes (voltage-dependent K+ channels, large- and 
small-conductance Ca2+-activated K+ channels, and ether-a-go-go K+ channel), four 
binding site motifs for Na+ channels and a conserved motif for Cl- channels. This 
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systematic approach of including mutant data of scorpion toxins and 3D structure 
analyses for extraction of motifs can serve as a model for other bioactive toxins where 
mutation studies and 3D structures are available. 
 
9.3 Development of functional prediction tool 
Laboratory experiments involving large number of sequences are extremely 
costly and time-consuming. In contrast, the advantages of applying bioinformatics in 
biological research are lower cost, speed and efficiency. Identification and 
optimisation of key experiments can be achieved by combining conventional 
experimental methods for structure-function analysis, such as site-directed mutagenesis 
and chemical modifications, with bioinformatic-driven structure-function study of 
toxins for identification of key experiments and help optimisation of experimental 
design. Bioinformatics bridges the gap between the fast data growth and the slower 
pace of experimental validation studies by facilitating data analyses and interpretation, 
and understanding biological processes. The computational algorithms developed from 
data analyses play an increasingly important role in the formation and testing of 
hypotheses to determine function of proteins more rapidly. 
Database mining for discovery and extraction of new knowledge is new in 
toxinology, with excellent prospects to facilitate future advances of this field. In 
addition, the detailed structural and functional grouping of protein sequences can be 
used for accurate prediction of functional properties of other toxins and other families 
of bioactive peptides. In this era of large-scale screening using genomics and 
proteomics, venominformatics will become increasingly important for management 
and analysis of toxin data and provides a framework for efficient analysis and 
maximisation of knowledge extraction from large amounts of these pharmacologically 
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important toxin data. 
A systematic approach to the prediction of functions of bioactive toxins in 
scorpion venom through bioinformatics was accomplished in this work. Detailed 
classification of scorpion toxin sequences into well-organised groups allows better 
correlation of structure-function relationships and thereafter, classification of new 
sequences by the prediction tool. This work demonstrated high accuracy (>90%) of 
predicting ion channel specificity and toxin family based on sequence comparison, 
nearest neighbor analysis and decision rules. This generic bioinformatic-driven 
approach serves as a model for functional prediction of novel toxins from other 
venomous animals. Functional predictions of bioactive toxins help to minimise the 
number of experiments performed by narrowing the validation processes with the 
predicted function. It complements wet-lab experiments as demonstrated in the wide 
application of bioinformatics in various fields including toxicology (Fielden et al., 
2002), drug discovery (Gagna et al., 2004), genetics (Fishelson and Geiger, 2004) and 
pharmacology (Ross et al., 2004), creating a dry-wet cycle. The application of 
bioinformatics in the functional prediction of toxin-binding strength to molecular ion 
channel targets is currently limited as validated by experimental data.  
 
9.4 Data warehouse of scorpion toxins 
Biological databases now play a central role in directing medical and biological 
research with the huge amount of data generated by genomics and proteomics, and 
high-throughput technologies. The number of newly identified toxin sequences is 
growing fast, while their functional characterisation is lagging. These toxin data are 
deposited across different public databases, usually with primary sequence information 
only. Discrepancies between database records are common. Structural and functional 
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information, in particular from mutation studies, is available mainly in the literature. 
Analyses of toxin data are growing increasingly difficult and there is a need for 
cleaned and well annotated databases of toxins. 
Data warehouses of toxins serve as valuable resources for exploration of toxins, 
allowing users to query complex biological questions that may usually involve 
searching multiple sources. Researchers have the access to the most complete data sets 
for analysis and interpretation. This thesis has demonstrated such applications with 
relatively small data sets of scorpion toxin data (up to 1000 entries), while work with 
larger data sets will require additional data management and data analysis tools, 
supported by bioinformatics (Koh et al., 2004a). This thesis had systematically 
collected and combined toxin sequence and 3D structure data, and hypothesis-driven 
results from literature into highly useful resources for experimental biologists. More 
than 500 homology models of scorpion toxins have been generated and deposited in 
the SCORPION2 database. The 3D models of these toxins coupled with multiple 
sequence alignment of each group in the toxin classification, can be employed to 
investigate the functional residues of each pharmacological activity. The utilisation of 
knowledge, particularly of functional information, has been made more efficient by 
enriched descriptions of toxin entries and integration of bioinformatic tools to facilitate 
comprehensive analysis of the data and for data mining. 
 
9.5 Evaluation of application of bioinformatics in venom research 
The field of venominformatics, a marriage between bioinformatics and venom 
biology, is in its infancy. But already it has the potential to revolutionise the way that 
researchers manage venom related data and information. Venominformatics is a 
systematic approach that facilitates discovery of new knowledge either through direct 
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discovery, or through support for efficient experimentation by pre-selection of the 
most interesting toxin candidates. It bears the potential to expedite drug discovery 
process and accurate prediction of functional properties of novel toxins based on 
existing data. Because toxins are functionally diverse, but belong to a limited number 
of structural families, they are ideal for application of data mining techniques for 
discovery of previously unknown relationships among data. The venominformatics 
lessons will be useful for study of structure-function relationships of diverse types of 
bioactive toxins.  
 
Conclusion summary 
The work described in this thesis is the first and pioneering work in the field of 
venom research to the author’s knowledge. In summary, the following general 
conclusions can be drawn: 
• Bioinformatics is a growing field in the post-genome era and is likely to shape 
future research in both theoretical and applied venom research. The author has 
demonstrated the application of bioinformatics in the large-scale study of 
scorpion toxins. 
• The large-scale classification of 393 currently known scorpion toxins provides 
a global view of their structure-function relationships (described in Chapter 3). 
• Inclusion of information from mutation studies of scorpion toxins, combined 
with multiple sequence alignment and 3D structure analyses supports 
extraction of functionally relevant binding motifs for scorpion toxins 
(described in Chapter 4). 
• The author has demonstrated that combining bioinformatics and venom 
research can increase the efficiency of the discovery process where the 
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functional prediction tool can be used for support and planning of the 
experiments (e.g. validation of the predicted function of newly identified 
scorpion toxins, described in Chapter 5). This combination is a viable 
methodology for acquiring new knowledge in venom research where the 
growth of new toxin sequences identified is increasing. 
• In this work, the author has created the first data warehouse of native and 
mutant scorpion toxin data that have been cleaned, enriched, classified and 
analysed, and integrated with bioinformatic tools for efficient and effective 
discovery of new knowledge.  
  
9.6 Future works 
There are two principal directions for the development of bioinformatics in this 
venom research, namely the development of data warehouses and development of 
functional prediction methods. The development of data warehouse includes data 
update on top of data collection, data cleaning and integration of bioinformatic tools. 
Data update focuses on adding new toxin sequences identified, new 3D structures 
solved and new information published in literature into the data warehouse. The new 
data help to verify hypotheses made during analyses of initial dataset while new 
information can provide insights for further analysis. Important discoveries of 
sequence relationships have been missed because old or incomplete databases were 
used (Altschul et al., 1994). For instance, original data submitted by sequencers into 
the major nucleotide sequence database GenBank/EMBL/DDBJ (Benson et al., 2005) 
are not updated unless a revision is submitted by the same group (Wu et al., 2003). 
Thus data remains uninformative though more recent knowledge is available. The 
author proposes to develop a system that can periodically perform data update and a 
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platform for domain expert to screen and discard irrelevant data so as to increase 
efficiency. Complete and up-to-date databases of biological knowledge are critical for 
information-dependent biological research (Apweiler et al., 2004).  
The further development of functional prediction methods in venom research 
depends largely on the identification of biological problems that can be transformed 
into computational questions. The biological problem of determining the interaction 
surface of toxin-channel complex can be formulated into computational algorithm 
where data from thermodynamic mutant cycles of toxin-channel complexes could be 
analysed. Thermodynamic mutant cycles provide valuable information for studying 
energetic coupling between amino acids on the interacting surface (Hidalgo and 
MacKinnon, 1995) and thus the interacting amino acids can be determined not only on 
the toxins, but also ion channels where potential therapeutics can be developed from 
this information. Recently, the crystal structure of voltage-dependent K+ channel was 
solved (Jiang et al., 2003) which provides an opportunity to allow homology modeling 
of other ion channels and perform computer simulation of toxin docking onto the ion 
channels for determining toxin-channel interacting residues. 
The current sequencing of three venomous animal genomes provides an 
opportunity for comparative genomic analysis of toxins. Computational methods have 
been used to compare between genome sequences to predict protein-protein interaction 
based on the assumption that the genes of functionally interacting proteins tend to be 
associated with each other on genomes (Huynen et al., 2003). Promising results for 
deduction of specific functions for numerous proteins are obtained from comparative 
analysis of complete genomes by analysing phylogenetic profiles of protein families, 
domain fusions, gene adjacency in genomes and expression methods (Galperin and 
Koonin, 2000; Marcotte, 2000). The functional prediction method used in this thesis is 
Chapter 9: Conclusion 
 141 
suitable for functional prediction of toxins that share sequence similarity. Incorporation 
of comparative genomes can be used to predict function of toxins that lack 
characterised homologues.  
The author anticipates that bioinformatics will increase in importance in venom 
research field. Given the importance of toxins to scientific, medical and commercial 
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The 62 groups of 393 scorpion native toxin sequences were classified based on 
ion channel specificity and primary sequence similarity using BLAST, multiple 
sequence alignment and phylogenetic analysis. The scorpion toxin sequences were 
broadly classified into four broad groups, namely Na+, K+, Ca2+ and Cl-. Each broad 
group was then classified into groups and subgroups by BLAST and multiple sequence 
alignment, and verified by phylogenetic analysis. 135 K+ toxins were classified into 32 
groups, 222 Na+ toxins were classified into 18 groups, while 8 Ca2+ toxins were 
classified into four groups. K+ group 6 was further classified into three subgroups each. 
Na+ groups 2 and 9 were classified into four subgroups each, Na+ group 1 into three 
subgroups and Na+ group 12 into two subgroups. 19 Cl- toxins were classified into two 
subgroups. Scorpine and nine scorpion toxin sequence with no annotated molecular 
target were assigned to the ‘defensin’ and ‘orphan’ groups, respectively. 
Legend: First column shows the accession numbers in SCORPION2. Second column shows aligned 
scorpion toxin sequences. Dashes are introduced for aligning sequences. Matured toxin is represented by 
green single amnio acid notations, signal peptide by brown and fragment region by red. Conserved 
residues within groups/subgroups are highlighted in grey. Pairs of disulfide bridges are shown by 
different highlights.  
Sodium channel toxins 














































































































































































































































































































































Potassium channel toxins: Alpha, Beta, Gamma and Delta Ktx 

































































































































































































































































































Chloride channel toxins 
















DBACC GenBank  
D000105  ------------------------RCSPCFTTDQQMTKKCYDCCGGKGKGKCYGPQCICAPY 
D000109 S06667 ------------------------RCKPCFTTDPQMSKKCADCCGGKGKGKCYGPQCLC--- 
D000106 A48850 ------------------------MCMPCFTTDHQMARKCDDCCGGKGRGKCYGPQCLCR-- 
D000237  MKFLYGIVFIALFLTVMIATHTEAMCMPCFTTDHQMARKCDDCCGGKGRGKCYGPQCLCRG- 
D000205 P60268 ------------------------MCMPCFTTDHQTARRCRDCCGGRGR-KCFG-QCLCGYD 
D000140  ------------------------RCGPCFTTDPQTQAKCSECCGRKGG-VCKGPQCICGIQ 
D000629 AF481880 MKFLYGTILIAFFLTVMIATHSEARCPPCFTTNPNMEADCRKCCGGRGY--CASYQCICPGG 
 
 
Defensin scorpion toxins 
Group 01 
DBACC GenBank  





Short Chain Neurotoxins 
Group 01 
DBACC GenBank  
D000128  VTMGYIKDGDGKKIAKKKNKNGRKHVEIDLNKVG 
 
Group 02 
DBACC GenBank  
D000664  VSIGIKCDPSIDLCEGQCRIRYFTGYCSGDTCHCS 
 
Group 03 
DBACC GenBank  
D000667 AY147405 MKIFFAVLVILVLFSMLIWTAYGTPYPVNCKTDRDCVMCGLGISCKNGYCQSCTR 
D000668 AY125328 MKIFFAVLVILVLFSMLIWTAYGTPYPVNCKTDRDCVMCGLGISCKNGYCQGCTR 
 
Group 04 
DBACC GenBank  
D000679 AF159979 MEIKYLLTVFLVLLIVSDHCQAFLFSLIPSAISGLISAFKGRRKRDLNG 
 
Group 05 
DBACC GenBank  











The 20 natural amino acids have different physicochemical properties which 
include both physical (e.g. length of R-group side chain, branch or single chain etc.) 
and chemical (e.g. hydrophobicity, charged or uncharged groups etc.) characteristics 
(Figure 37). A single amino acid residue can be described by various overlapping 
physical (Table 13) and chemical properties. Studying their physicochemical 
properties can help in analysis of structure-function relationships, particularly in 
mutation studies. For example, neutralisation of K27 in Kaliotoxin resulted in low 
binding affinity towards K+ channels which demonstrated that positive charged is 
































Figure 37 Venn diagram displaying the interrelationships of the 20 naturally occurring 
amino acids based on their physicochemical properties. Glycine whose side-chain 
group is a hydrogen atom can fit into either hydrophobic or hydrophilic environment. 
Proline is the only cyclic amino acid which usually cause kinks in polypeptide chains. 
Adapted from Taylor, 1986. 
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Table 13 Physical properties of the 20 L-α-amino acids. * also called aspartatic acid, # 
also known as glutamic acid, ‡ molecular weights given are those of the neutral, free 
amino acids; residue weights are obtainable by subtraction of one equivalent of water 
molecule (18 g/mol). § measures the relative hydrophobicity among amino acids where 
positive value indicates hydrophobicity while negative value represents hydrophilicity 
based on (Kyte and Doolittle, 1982). 
 
Symbol Name of α-







Alanine Ala A 89.09 6.00 1.8 
Arginine Arg R 174.20 11.15 -4.5 
Asparagine Asn N 132.12 5.41 -3.5 
Aspartate* Asp D 133.10 2.77 -3.5 
Cysteine Cys C 121.15 5.02 2.5 
Glutamine Gln Q 146.15 5.65 -3.5 
Glutamate# Glu E 147.13 3.22 -3.5 
Glycine Gly G 75.07 5.97 -0.4 
Histidine His H 155.16 7.47 -3.2 
Isoleucine Ile I 131.18 5.94 4.5 
Leucine Leu L 131.18 5.98 3.8 
Lysine Lys K 146.19 9.59 -3.9 
Methionine Met M 149.21 5.74 1.9 
Phenylalanine Phe F 165.19 5.48 2.8 
Proline Pro P 115.13 6.30 -1.6 
Serine Ser S 105.09 5.68 -0.8 
Threonine Thr T 119.12 5.64 -0.7 
Tryptophan Trp W 204.23 5.89 -0.9 
Tyrosine Tyr Y 181.19 5.66 -1.3 
Valine Val V 117.15 5.96 4.2 
 
 
